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FOREWORD

The achievement of National goals for energy conservation and environmental protection
will rely on technology more advanced than we have at our disposal today. Combustion
at present accounts for 85% of the energy generated and used in the U.S. and is likely to
remain a dominant source of energy for the coming decades. Achieving energy
conservation while minimizing unwanted emissions from combustion processes could be
greatly accelerated if accurate and reliable means were at hand for quantitatively
predicting process performance.

The reports appearing in this volume present work in progress in basic research
contributing to the development of a predictive capability for combustion processes. The
work reported herein 1s supported by the Department of Energy's Office of Basic Energy
Sciences (BES) and in large measure by the chemical physics program. The long-term
objective of this effort is the provision of theories, data, and procedures to enable the
development of reliable computational models of combustion processes, systems, and
devices.

The development of reliable models for combustion requires the accurate knowledge of
chemistry, turbulent flow, and the interaction between the two at temperatures and
pressures characteristic of the combustion environment. In providing this knowledge, the
research supported by BES addresses a wide range of continuing scientific issues of long
standing.

> For even the simplest fuels, the chemistry of combustion consists of hundreds of
reactions. Key reaction mechanisms, the means for developing and testing these
mechanisms and the means for determining which of the constituent reaction rates are
critical for accurate characterization are all required.

» For reactions known to be important, accurate rates over wide ranges of temperature,
pressure and composition are required. To assess the accuracy of measured reaction
rates or predict rates that would be too difficult to measure, theories of reaction rates
and means for calculating their values are needed. Of particular importance are
reactions involving open shell systems such as radicals and excited electronic states.

> To assess the accuracy of methods for predicting chemical reaction rates, the detailed,
state-specific dynamics of prototypical reactions must be characterized.

» Methods for observing key reaction species in combustion environments, for
interpreting these observations in terms of species concentrations, and for
determining which species control the net reactive flux are all required

> Energy flow and accounting must be accurately characterized and predicted.

> Methods for reducing the mathematical complexity inherent in hundreds of reactions,
without sacrificing accuracy and reliability are required. Methods for reducing the
computational complexity of computer models that attempt to address turbulence,
chemistry, and their interdependence and also needed.

Although the emphasis in this list is on the development of mathematical models for
simulating the gas phase reactions characteristic of combustion, such models, from the
chemical dynamics of a single molecule to the performance of a combustion device,



require validation by experiment. Hence, the DOE program represented by reports in this
volume supports the development and application of new experimental tools in chemical
dynamics, kinetics, and spectroscopy.

The success of this research effort will be measured by the quality of the research
performed, the profundity of the knowledge gained, as well as the degree to which it
contributes to goals of resource conservation and environmental stewardship. In fact,
without research of the highest quality, the application of the knowledge gained to
practical problems will not be possible.

The emphasis on modeling and simulation as a basis for defining the objectives of this
basic research program has a secondary but important benefit. Computational models of
physical processes provide the most efficient means for ensuring the usefulness and use
of basic theories and data. The importance of modeling and simulation remains well
recognized in the Department of Energy and is receiving support through the Scientific
Discovery through Advanced Computing (SciDAC) initiative; several work-in-progress
reports funded through SciDAC are included in this volume.

During the past year, the Chemical Physics program has benefited from the involvement
of Dr. William Kirchhoff, program manager for Chemical Physics, Dr. Eric Rohlfing,
team leader for the Fundamental Interactions programs, and Dr. Richard Hilderbrandt,
who recently joined DOE as a program manager in Chemical Physics and in
Computational and Theoretical Chemistry. Bill Kirchhoff recently retired after 40 years
of Federal Service, and his many contributions to the scientific programs described herein
are well known and greatly appreciated. Sadly, this volume will be the first in many
years lacking a contribution from Professor Richard Bersohn, an insightful scientist and
gracious gentleman who passed away in November, 2003. Finally, the efforts of Sophia
Kitts, Andreene Witt, and Rachel Smith of the Oak Ridge Institute for Science Education
and Karen Talamini of the Division of Chemical Sciences, Geosciences, and Biosciences,
Office of Basic Energy Sciences in the arrangements for the meeting are also much’
appreciated.

Frank P. Tully, SC-141
Division of Chemical Sciences, Geosciences, and Biosciences
Office of Basic Energy Sciences

June 1, 2004
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Progress report — March, 2004
Photoelectron Photoion Coincidence Studies: Heats of Formation of Ions,
Molecules, and Free Radicals '

Tomas Baer (baer@unc.edu)
Department of Chemistry
University of North Carolina
Chapel Hill, NC 27599-3290
DOE Grant DE-FG02-97ER14776

Program Scope

The photoelectron photoion coincidence (PEPICO) technique is utilized to investigate the
dissociation dynamics and thermochemistry of energy selected medium to large organic
molecular ions. Extensive modeling of the dissociation rate constant using the RRKM theory or
variational transition state theory (VIST) is used in order to determine the dissociation limits of
energy selected ions. These studies are carried out with the aid of molecular orbital calculations
of both ions and the transition states connecting the ion structure to their products. The results of
these investigations yield accurate heats of formation of ions and free radicals. In addition, they
provide information about the potential energy surface that governs the dissociation process.
Isomerization reactions prior to dissociation are readily inferred from the PEPICO data.

The PEPICO Experiment

The threshold photoelectron photoion coincidence (TPEPICO) experiment in Chapel Hill
1s carried out with a laboratory H; discharge light source. Threshold electrons are collected by
focusing them into a 1.5 mm hole that discriminate against electrons with perpendicular velocity
components. The TPEPICO spectrometer incorporates a velocity focusing detector for threshold
electrons and a separate detector for hot electrons so that two TPEPICO spectra are
simultaneously collected. The ion TOF is either a linear version or a reflectron for studying H
loss processes. This apparatus is now producing beautiful results. The purpose of the reflectron
is to permit us to look at slower ion dissociation rates. The electrons provide the start signal for
measuring the ion time of flight distribution. When ions dissociate in the microsecond time
scale, their TOF distributions are asymmetric. The dissociation rate constant can be extracted by
modeling the asymmetric TOF distribution. A high-resolution version of this experiment is
currently being constructed using an imaging detector for the electrons at the Chemical
Dynamics Beamline of the ALS. When combined with coincidence ion detection, the results
permit the measurement of ion dissociation limits to within 1 meV or 0.1 kJ/mol.

Recent Results
The Heats of Formation of the Acetyl radical and Ion obtained by Threshold Photoelectron
Photoion Coincidence

The dissociative photoionization onsets for the production of CH;CO" + CH;" from
acetone and CH;CO" + CH;CO® from 2,3-butanedione have been measured by threshold
photoelectron photoion coincidence (TPEPICO) in which time of flight (TOF) mass spectra are
obtained as a function of the ion internal energy. The use of velocity focusing for threshold
electrons and the subtraction of “hot” electrons from the TPEPICO signal allows the OK
dissociation onset to be measured with a precision of 10 meV (1 kJ/mol). The measured onsets



for CH;" loss from CH3;COCH; was measured to be 10.563 £ 0.010 eV and the onset for CH;CO’
loss from CH3;COCOCH; was found to be 10.101+0.010 eV. A 298 K heat of formation of the
CH3CO" of 659.4 + 2 kJ/mol is obtained by combining the measured dissociation onset with the
well established heats of formation of acetone and the methyl radical. A 298 K heat of formation
of the CH3CO" radical of -8.9 + 2 kJ/mol is obtained by combining the measured dissociation
onset with the well known heat of formation of 2,3-butanedione, and the measured heat of
formation of CH;CO". The ionization energies of acetone are measured to be 9.708 * 0.004 eV
and 9.30 £ 0.05 eV, respectively. '
Neutral Cobalt—Carbonyl Bond Energy By Combined Threshold Photoelectron Photoion
Coincidence and He(I) Photoelectron Spectroscopy

Ultraviolet Photoelectron (PE) spectroscopic experiments were carried out on
cyclopentadienyl cobalt dicarbonyl CpCo(CO), (I) using a pyrolysis inlet system. Above a
certain temperature this molecule loses a carbonyl group resulting in the 16-electron molecule
CpCoCO (II). By subtracting the PE spectrum of (I) from the mixed experimental spectrum, the
PES of (II) was obtained. Adiabatic and vertical ionization energies (IEs) were also determined.
By using a thermodynamic cycle, which included the appearance energy of CpCoCO"
determined in an earlier threshold photoelectron photoion coincidence (TPEPICO) experiment,
the dissociation energy of CpCoCO---CO was obtained to be 1.91 + 0.05 eV. Quantum-
chemical calculations were also carried out to help the reassignment of the photoelectron
spectrum of (I) and to help establish a reliable value of the adiabatic IE of (II).
The heats of formation of t-butyl isocyanide and other alkyl isocyanides by photoelectron
Photoion coincidence spectroscopy

Threshold photoelectron photoion coincidence (TPEPICO) spectroscopy has been used to
investigate the dissociation energy of ¢-butyl isocyanide (t-C4HgNC™) ion. The 0 K dissociation
limit of NC + C4Hs" (10.943 + 0.010 eV) is determined from the breakdown diagram. The
ionization energy of #-butyl isocyanide is measured by threshold photoelectron spectra (TPES)
and found to be 10.757 + 0.005 eV. These values are used to obtain the 298 K heat of formation
of ¢-butyl isocyanide molecule (84.5 + 2 kJ/mol). The 298 K heats of formation of CH;CH,NC
and (CH3),CHNC are found to be 141.4 + 8 kJ/mol and 114.1 = 8 kJ/mol, respectively by a
linear interpolation between the heats of formation of CH3;NC and t-C4HgNC.  These
experimental results are in excellent agreement with density functional and ab initio theoretical
values obtained from isomerization energies between the alkyl cyanides and the isocyanide heats
of formation. Aside from CH;3;NC, these are the first experimental heats of formation for the
alkyl isocyanide molecules.
Ethylene Glycol Ions Dissociate by Tunneling through an H-atom transfer Barrier: A DFT
and TPEPICO Study '

Density functional theory (DFT) and threshold photoelectron-photoion coincidence
spectroscopy (TPEPICO) have been used to investigate the dissociation dynamics of the ethylene
glycol ion. Thirteen isomers of the ethylene glycol ion (C:HO,™") and the transition states

connecting them were obtained at the B3LYP/6-31G(d) level. The TPEPICO experimental
results show that the CH;OH," ion, produced by a double hydrogen transfer, and the CH,OH"
ion, produced by direct C-C bond cleavage, are the two dominant products. The H;O loss
channel, the lowest dissociation energy channel according to the DFT calculations, is suppressed
because of a high barrier leading to its formation. The time-of-flight distributions of the
CH;0H," ion at low energies are asymmetric, which indicates that this ion is produced from a
slowly dissociating (metastable) parent ion. A two-well-two-channel model is proposed to



describe the isomerization and dissociation process. The simulations combined with RRKM
theory suggest that the production of the CH;0H," ion involves a hydrogen-bridged reaction
intermediate and tunneling through the isomerization barrier causes its slow production. This
mechanism is supported by data for deuterated ethylene glycol. The 0 K appearance energy for
the CH,OH " ion is determined to be 11.08 = 0.04 eV, from which the 298 K heat of formation of
the ethylene glycol molecule is determined to be -383.1 + 4.5 kJ/mol, in agreement with other
experimental values.
Continued Involvement at the Chemical Dynamics Beamline at the ALS

We are currently involved in constructing the velocity focusing TPEPICO experiment at
the ALS. This will incorporate an imaging plate for the electrons so that a full photoelectron
spectrum between O and 1 eV can be obtained and all of the ions in coincidence with these
electrons will be recorded. This experiment will permit for the first time to measure the
distribution of zero energy electrons in Franck-Condon gaps, a problem that has been unresolved
since it’s discovery some 20 years ago. In addition, we will be able to collect TPES with a
resolution of 1 meV. The experimental set-up will be available for all people interested in-
carrying out TPEPICO experiments at the ALS.

We are also working with the ALS on an aerosol experiment, which will permit us to
study gas-surface reactions on superfine aerosol particles that cannot be studied with pulsed
lasers. However, this project is outside the scope of the DOE project.

Future Plans

The TPEPICO experiment with subtraction of hot electron PEPICO counts is working
well now, as are the reflectron and linear TOF MS. Having begun the study on the acetyl radical
and ion, we will continue with these reactions, by studying the following systems that should
yield accurate heats of formation of the propanyl ion and radical.

CH;CH,COCH; &> CH;CH,CO" + CH3' (1a)
> CH;CO" + C,Hs" (1b)
CH;CH,COCOCH; - CH;CO" + CH;CH, CO* (2)

CHsCOCOC,Hs > CH;CO*+ C,HsCO™ - C,HsCO"+ CH,CH," + CO (3)

The molecules or ions in bold are those known well in the literature. The ones listed in italics
will be derived from our TPEPICO data. The net result is that we can determine the heats of
formation of CH;CO", CH;CO’, C;HsCO”, and C,H;CO".

We have found that the heats of formation of the series of ethyl phosphenes, H,PEth;.,, n
=0, 1, and 2 are completely unknown. To determine these by TPEPICO, we use the sequential
nature of the ethyl phosphene ion dissociation:

PEth;” > HPEth,” + C;Hy > HoPEth™ +2 CoHy > H3P' + 3C,H,

This means that if we dissociatively ionize the triethyl- diethyl-, and mono-ethyl-phosphene all
the way to H;P" + 3C,H,, whose heats of formation are well known, we can determine the heats
of formation of all three of the ethyl phosphenes. Unfortunately, our photon source does not go
to a sufficiently high energy dissociate the tri-ethyl phosphene ion all the way to the final
products. However, by starting out with the di-ethyl and the mono-ethyl phosphene, we can
accomplish the same goal.

Research Publications Resulting from DOE grant 2002 — 2003
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Program Scope

This program is directed toward achieving a more complete understanding of turbulence-
chemistry interactions in flames. Experiments are conducted in the Turbulent Combustion
Laboratory at the CRF. Simultaneous line imaging of spontaneous Raman scattering, Rayleigh
scattering, and two-photon laser-induced fluorescence (LIF) of CO is applied in hydrocarbon
flames to obtain spatially and temporally resolved measurements of temperature, the
concentrations of all major species, and mixture fraction (&), as well as gradients in these
quantities. The instantaneous three-dimensional orientation of the turbulent reaction zone is also
measured by imaging of OH LIF in two crossed planes, which intersect along the laser axis for
the multiscalar measurements. These combined data characterize both the thermo-chemical state
and the instantaneous flame structure, such that the influence of turbulent mixing on flame
chemistry may be quantified. Our experimental work is closely coupled with international
collaborative efforts to develop and validate predictive models for turbulent combustion. This is
accomplished through our visitor program and through an ongoing series of workshops on
Turbulent Nonpremixed Flames (TNF). Recent work has focused on measurements of scalar
dissipation, which is a central concept in combustion theory and an important modeled quantity
for several computational approaches.

Recent Progress

Fine Scale Structure of Turbulent Jet Flames

We have investigated spatial resolution requirements and spatial averaging effects in
measurements of scalar variance and scalar dissipation. This was done by applying successive
spatial filters to measured instantaneous profiles of mixture fraction obtained at various locations
in three piloted CHy/air jet flames (Sandia flames C, D, and E). The scalar variance, & "2 was
observed to decrease linearly with increasing filter width, while the variance of scalar dissipation
rate followed an exponential dependence. In both cases, the observed functional dependence
was used to extrapolate to zero filter width, yielding estimates of the “fully resolved” profiles of
measured quantities. Here, the radial component of the scalar dissipation rate,
%, =2D,(8&/ or)?, along each instantaneous profile was calculated affer spatial filtering of the
mixture fraction profile. Length scales associated with fluctuations in mixture fraction and
scalar dissipation were also extracted from the spatial filtering analysis and compared with those
obtained from spatial autocorrelations. Results show that the direct (unfiltered) measurements of
scalar variance resolve more than 90% of the estimated “fully resolved” values at most locations
in these flames. The length scale, Log_g, corresponding to 90% resolution of the scalar variance
1s roughly constant across the center of the jet flame and within the reaction zone, but it increases
toward the edge of the jet flame. The Favre average scalar dissipation rate is not significantly
affected by spatial filtering, indicating that the present system has sufficient spatial resolution to




accurately measure scalar dissipation in these flames. The “fully resolved” values of the
variance of scalar dissipation, ¥, 2, were obtained from exponential fitting of the measured
variance vs. ﬁlter width at each location. The corresponding length scale, Loy ,, for 90%
resolution of y”? varied from about 90 um at x/4=7.5 in flame E to abcut 260 pm at x/d=30 in
flame C. These results represent a significant step forward with respect to the availability of
experimental data for validation of models for scalar dissipation and scalar variance, including
LES subgrid models for these quantities.

Three-Dimensional Measurements

We applied crossed-planar LIF imaging of OH in the same series of turbulent piloted
CHy/air jet flames in order to measure the instantaneous three-dimensional orientation of the
reaction zone as it intersects the axis for multiscalar line-imaged measurements. For realizations
without localized extinction, isosurfaces in OH are assumed to align with isosurfaces in mixture
fraction, such that the flame normal vector, n = -V ¢ /]Vfl , 1s aligned with the OH normal vector
determined from the crossed PLIF images. The full, three-dimensional, flame-normal scalar
dissipation rate is then estimated from its projection onto the measured line segment. With
increasing Reynolds number and increasing downstream distance, the angular distribution of the
flame normal becomes broader, reflecting the enhanced turbulent character of the flame, and
differences between the pdf’s of the radial scalar dissipation, y,, and full (three -dimensional)
scalar dissipation, 7, become larger.

Turbulence-Chemistry Interactions llluminated by Doubly Conditional Statistics

Our multiscalar diagnostic system yields simultaneous measurements of temperature,
mass fractions of the major species (N2, O,, CHs, H;O, CO,, Hy, CO), mixture fraction, and
scalar dissipation. Therefore, we can explore in detail the joint statistics of these quantities.
Figure 1 shows mean values of the mass fractions of CO,, H,O, CO, and H; in piloted flame E
conditional on both mixture fraction and the local instantaneous scalar dissipation rate. Here we
have conditionally averaged the data using the directly measured radial component of scalar
dissipation, y,, and have used data from all measurement locations in flame E. Flame E has a
significant probability of localized extinction, so this data set samples a wide range of
conditions. At the lowest scalar dissipation rates (below 1 s') the species mass fractions
approach equilibrium values. Reaction progress decreases, on average, as local scalar dissipation
increases, particularly for the intermediates, CO and H,. The highest measured scalar dissipation
rates are above the steady laminar extinction limit.

High-Fidelity LES of Piloted CHy/Air Flames

In collaboration with Joe Oefelein (Sandia) we have initiated a project to apply high-
fidelity LES to our experimental flames, starting with the piloted CHy/air jet flames described
above. Unlike most other LES approaches, the present framework closes the filtered energy and
chemical source terms directly, using a moment-based reconstruction methodology similar to
that of Sarkar and coworkers. The LES grid uses between 3.5 and 6 million nodes (depending on
the flame Reynolds number). High-fidelity LES and detailed experiments are complementary
tools for fundamental scientific investigations of turbulent combustion phenomena in well-
characterized laboratory-scale flames.
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Fig. 1. Average species mass fractions in piloted flame E doubly conditioned on both mixture fraction and
local scalar dissipation, ¥, . The table shows center values of the non-uniformly spaced bins.

Future Plans

Experiments are in progress on a series of piloted CHa/Hy/air jet flames, which can be
pushed to higher Reynolds numbers than the CHa/air flames without running into the
complication of localized extinction. This will allow better characterization of the scaling
behavior of the scalar dissipation and more rigorous evaluation of scalar dissipation models.
Measurements of scalar dissipation and related quantities are also planned in other TNF
Workshop target flames. These will be carried out in collaboration with visiting researchers
from corresponding institutions, including Sydney University, TU Darmstadt, DLR-Stuttgart,
and Imperial College. We are also collaborating with Beth Anne Bennett and Mitch Smooke of
Yale University and with Jonathan Frank (Sandia) to perform detailed measurements and
simulations of steady laminar partially-premixed CHj/air jet flames. The motivation from the
experimental side is that well-characterized reference flames are needed to better understand
error sources in measurements of scalar dissipation. We will continue to pursue highly-resolved
LES as a complement to detailed experiments. Once validated to a sufficient degree, such LES
results may serve as computational benchmarks for evaluating LES and RANS modeling
approaches that are less computationally expensive.

Two laboratory enhancements are planned. The first is to add hardware for line imaging
of NO LIF. The second is to allow for crossed planar LIF imaging of CH. This will be applied
as an alternative to OH imaging in the determination of local flame structure (orientation and



curvature). CH imaging is expected to be more useful for expenments on edge flames and
turbulent lifted flames.
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Theoretical Studies of Combustion Dynamics
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The research funded by the Department of Energy is a theoretical and computational
program to develop and apply rigorous quantum dynamical methods to chemical

processes of importance in gas-phase combustion. These include quantum calculations of
bimolecular and unimolecular reactions and the ab initio-based potentials that govern

these processes. Recent work has focused a new global potential energy surface for

We have made major progress in both projects.

H,CO dissociation and reaction, and the quantum dynamics of the O("P)+HCI reaction.

Recent Progress

A full global potential energy surface for H,CO

The photodissociatiorll iiynamics of formaldehyde has been of long-standing
interest, both experimentally  and theoretically.s'9 Previous theoretical work has

included high quality ab initio calculations of various stationary points of the potential.

Potential surfaces have been developed, which however, do not describe the H+HCO
radical channel. Classical dynamics have been done on these surfaces, and “direct-

of the CO and H; molecular products.

We

classical dynamics” have aso been performed with the focus on the product distributions

1.CCSD(T)/aug-cc-PVTZ

recently completed a global potential surface for H,CO, in collaboration with
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L.B. Harding. 10 This surface describes both the molecular and H+HCO radical channels,
as well as the cis and trans isomers HCOH. The surface is a combination of six local fits
joined smoothly by five switching functions. The fits are to roughly 80000 CCSD(T)/aug-
cc-PVTZ and 53000 and MR-Cl/aug- cc-PVTZ calculations of electronic energies. A
comparsion of the ab initio energies (cm’ ) and those from the fit are shown above. The
fit is quite precise and smooth and can be used in detailed dynamics studies of both the
unimolecular dissociation to the Hy+CO and H+HCO channels and the bimolecular
reaction H+HCO, which has not been studied theoretically prior to the present work.

0(3 P)+HCI reaction on 4" and 4" potential energy surfaces

We have completed quantum reactive scattering studies of this reaction on both
the A" and A" potential energy surfaces. These are very new potentials obtained by
. Ramachandran and Peterson. Rate constants on both potentials have been calculated
and (finally) good agreement with experiment is found, except at temperatures above
gOOO K, where there is disagreement with new experiments of Lee and co-workers."”? The

A" surface contains significant van der Waals wells, which influence the rate constant at

low temperatures and which appear to be the major source of disagreement with the
ICVT/uOMT rate constant obtained using ‘POLYRATE’ P at temperatures below 500 K.

Stimulated by the low-energy resonances in the exact reaction probability, we
have developed a new model for tunneling Wthh contains the effect of low-energy
resonances due to pre and post-barrier wells."* This expression can be applied to any
activated reaction with van der Waals or hyrdrogen-bonded wells. The key component
of the theory is the energy and lifetime of the quasibound states supported by these wells.

Future Plans

We plan to carry out extensive dynamics calculations with the new H,CO
potential surface. These will include calculations of the molecular channel, starting at the
transition state for that channel, as others have done.>® In addition we will investigate the
radical channel, H + HCO. Unfortunately, there is currently no detailed mechanism of
the radiationless transition that leads from S; to S and so in the absence of that
understanding, assumptions about initial conditions will have to be made. We will
consider several possible reasonable choices and investigate the dynamics based on these
choices. We will also study the (unambiguous) bimolecular reaction H+HCO — H;+CO.
One very interesting aspect of these calculations will be the extent to which this reaction
proceeds via direct abstraction of H versus HyCO complex formation and subsequent
decay to form the molecular products.

Another major project we will initiate is an approach to combine ab initio direct-
dynamics with potential fitting for several combustion reactions. This success of this
approach has been demonstrated for the vibrational motion of CHjs “and we are
confident it will work for reactions. We have begun this work for the challenging O("P)
+ C3H; reaction, which contains numerous minima, saddle points, and reaction products.
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Program Scope

This program focuses on understanding the oxidation and pyrolysis chemuistry of aromatic
molecules and radicals with the aim of developing a comprehensive model at conditions that are
relevant to practical combustion devices. The experimental approach uses a very high pressure
single pulse shock tube, HPST, equipped with GC-FID/TCD and GC/MS analyses, to obtain
experimental data over the pressure range 5-1000 atm at pre-flame temperatures and a broad
spectrum of equivalence ratios. Subsequent simulations of the experimental data from the HPST
and data from other laboratories (if available) using kinetic models are used to improve and
develop a comprehensive model that can describe aromatics oxidation and pyrolysis over a wide
range of experimental conditions.

Recent Progress

The primary focus in this reporting period was in the development of a comprehensive
model for toluene oxidation which is the first step in our program of aromatics oxidation and
pyrolysis. The challenges faced in simulating the fuel rich experimental data have suggested
deficiencies in the pyrolytic routes and a detailed experimental and modeling study on the
pyrolysis of benzene and the phenyl radical was initiated. The experimental and modeling study
performed in this period falls under two broad categories, the oxidation of toluene and the
pyrolysis of benzene.

Toluene Oxidation

The abundance of toluene in current fuels has suggested it to be one of the primary
representatives around which detailed kinetic mechanisms need to be constructed to best reflect
aromatic chemistry'. In view of its relevance, the oxidation of toluene was studied in the HPST.
Experiments were performed behind the reflected shock over a wide range of pressures from 25-
610 bars for the first time, in the temperature range from 1200-1500 K at nominal reaction times
of 1.5 ms. Experiments were performed for stoichiometric oxidation ®=1 as well as fuel rich
oxidation @=5. More than 75 experiments comprising six data sets were performed over the wide
range of experimental conditions®. Dilute reagent mixtures with initial toluene concentrations
from 8-85 ppm were used in these experiments. Reaction temperatures were obtained from prior
temperature calibration work® at each of the reaction pressures. The analytical techniques used in
the HPST are GC/FID-TCD and GC/MS. Samples of the pre-shock and post-shock gases were
collected for each experiment and the stable species were identified and quantified. The primary
intermediates and products observed and quantified in these experiments in addition to the fuel,
toluene, were benzene, CO, C,H,, CO,, C4H, and C,H,. Trace species observed in these
experiments include C,Hsg, C3Hg, CsHa, 1, 3 CsHg, C4Hjs, cyclopentadiene, ethylbenzene and
xylene.

The experimental data was simulated using current literature models for toluene
oxidation: the KBG Model* and the Dagaut et al. model’. Preliminary modeling” indicated that
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the KBG model* which is based on our prior work forms a good starting point for the
development of a more comprehensive model valid over a wide range of conditions. The KBG
model* is able to simulate well the lower temperature HPST data, but there are large
discrepancies at the higher temperatures. This is not very surprising since the KBG model was
optimized against flow reactor data at lower temperatures (< 1200 K) and at 1 atm. A more
detailed discussion of the experimental data and the model simulations is available in our recently
stibmitted paper”.

The HPST experimental data formed the basis of a more detailed modeling study®. The
conventional tools of sensitivity analyses and reaction path analyses were used to identify the
major contributors to fuel decay and intermediates growth at such high pressures. Several
modifications were made to the KBG model* to better reflect the HPST experimental data. Rate
parameters for a few key reactions were updated and also a number of new reactions were
included in the modified model®. A summarized discussion of the changes is presented below.

In general, at the higher pressures and lower temperatures of our experimental study the
fuel decay was dominated by oxidation reactions, viz. reactions of the benzyl radical with HO,,
OH and O atom and that of the phenyl radical with O, and O atom. The rate parameters for a
number of these reactions were updated based on new experimental measurements of their rates
as well as theoretical estimates. At the lower pressures and higher temperatures ring rupture
reactions specifically of the benzyl radical and the phenyl radical play an increasingly dominant
role in describing the toluene decay as well as buildup of C¢Hg and C,H, even in stoichiometric
oxidation. The base KBG model* which was developed against data obtained at much lower
temperatures than the current study does not include the high temperature ring rupture reactions
of the benzyl and phenyl radical. These reactions were included in the modified version of the
KBG model®. The inclusion of an alternate pathway in the reaction between C¢Hs and O, to form
p-CsH4O; (p-benzoquinone) and H also had a significant effect in describing the fuel decay as
well as CO buildup. A total of nine changes were made to rate parameters in the KBG model*and
also nine new reactions were included in the modified model®.

The modified model® is able to describe well the stoichiometric oxidation data obtained
in the HPST over the entire pressure and temperature range. The model describes well the toluene
decay as well as the primary intermediates CO, C;H, and C¢Hg profiles. The model was also
tested against data obtained from other laboratories, specifically, ignition delay data obtained by
Burcat and co-workers’ as well as the original flow reactor data against which the base KBG
model* was developed. Burcat et al.” obtained the most comprehensive data for ignition delay
times for toluene and benzene mixtures with oxygen in argon. The data spans temperature ranges
from 1200-1800 K and pressures from 2-8 atm. The modified model is able to do a good job in
describing Burcat et al.’s’ ignition delay data both for a stoichiometric ®=1 as well as fuel lean
®=0.33 data set over the wide temperature range and at relatively low pressures around 3 atm.
Simulations performed with the modified model to describe the lower temperature, 1 atm flow
reactor data were also successful with predictions being no more than 20% off from the
experimental data at short reaction times. There was better agreement between the data and the
model predictions at longer reaction times and the model does a very good job in describing the
CO and C,H, profiles from the flow reactor. The modified model is able to simulate the fuel lean
as well as stoichiometric oxidation data over a wide range of temperatures and pressures thereby
confirming and validating the oxidation routes as well as their associated rates in the model.
However one drawback of this model is its inability to simulate the fuel rich ©=5 HPST data. To
better understand the fuel rich chemistry, the high temperature pyrolysis of toluene and benzene
was initiated.
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Benzene Pyrolysis

As the first part of the pyrolysis study benzene pyrolysis experiments8 were performed in-
the HPST. Experiments were performed at 50 atm over a wide temperature range from 1200-
2100K. The reaction times for these experiments were in the range 1.3-1.5 ms. The primary
species identified and quantified in these experiments other than the fuel, benzene, were C,H; and
C,H,. The experimental data was simulated using the modified KBG model® as well as two
mechanisms that were developed to describe the high temperature pyrolysis of benzene, the
Laskin-Lifshitz’ mechanism and the Wang et al.'® mechanism. The modified model does the best
job among the three models in describing the decay of benzene. However there are large
discrepancies between the data and all model predictions for the two primary intermediates C,H,
and C,H,. The formation of these species is thought to occur by the breakdown of the C¢Hjs
radical and a detailed modeling study is in progress on investigating the routes for their formation
from the decay of the C¢H; radical.

Future Plans

Recently, heating systems have been installed which allow the entire sampling rig as well
as mixture rig to be maintained at temperatures in excess of 100°C. This would permit not only
the use of richer starting fuel concentrations but also facilitate more accurate measurements for
the heavy species as well as species formed in very small amounts.

Currently work is in progress on experiments at high pressures involving the pyrolysis of
nitrosobenzene which is a high temperature source for the phenyl radical. The pheny! pyrolysis
experiments and their modeling in combination with the complementary benzene pyrolysis
modeling should help to gain a better understanding of the decay of the phenyl radical and should
be able to explain the intermediates formation under high pressure, high temperature conditions.
Experiments are proposed to be performed on the pyrolysis of toluene as well as the oxidation of
benzene to obtain a wider experimental data base for benzene and toluene combustion for which
currently experimental data is scarce. The performance of the recently developed model® can be
tested against this experimental database to develop a more comprehensive aromatics combustion
model.
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PROJECT SCOPE

Combustion processes are governed by chemical kinetics, energy transfer, transport, fluid
mechanics, and their complex interactions. Understanding the fundamental chemical
processes offers the possibility of optimizing combustion processes. The objective of our
research is to address fundamental issues of chemical reactivity and molecular transport in
combustion systems. Our long-term research objective is to contribute to the development of
reliable combustion models that can be used to understand and characterize the formation and
destruction of combustion-generated pollutants. We emphasize studying chemistry at both
the microscopic and macroscopic levels. To contribute to the achievement of this goal, our
current activities are concerned with three tasks: Task 1) developing models for representing
combustion chemistry at varying levels of complexity to use with models for laminar and
turbulent flow fields to describe combustion processes; Task 2) developing tools to probe
chemistry fluid interactions; and Task 3) modeling and analyzing combustion in multi-
dimensional flow fields. A theme of our research is to bring new advances in computing, and,
in particular, parallel computing to the study of important and computationally intensive
combustion problems.

RECENT PROGRESS

Task 1: Developing models for representing combustion chemistry at varying levels of
complexity to use with models for laminar and turbulent flow fields to describe
combustion processes (with Shaheen R. Tonse and Marcus Day) The dominant
computational cost in modeling turbulent combustion phenomena numerically with high
fidelity chemical mechanisms is the time required to solve the ordinary differential equations
(ODEs) associated with the chemical kinetics. To develop models that describe pollutant
formation in combustion, the computational burden attributable to chemistry must be reduced.
We have pursued an approach that can contribute to this problem, PRISM (Piecewise
Reusable Implementation of Solution Mapping). PRISM has been developed as an
economical strategy for implementing complex kinetics into high fidelity fluids codes. This
approach to mechanism reduction draws upon factorial design, statistics and numerics,
caching strategies, data structures, and long term reuse of chemical kinetic calculations. A
solution-mapping procedure is applied to parameterize the solution of the initial-value
ordinary differential equation system as a set of algebraic polynomial equations.

We have made progress on extending PRISM to CH4/air combustion. The factorial designs

produced by the GOSSET approach provide better accuracy than orthogonal fractional
designs, and require approximately half the ODE calls, thereby improving the efficiency of
polynomial construction by a factor of two. Since the designs are not orthogonal, a full
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matrix inversion at the polynomial construction stage is required; however, this cost is easily
offset by the reduced number of ODE calls. The high dimensionality remains a problem and
to address this we have developed a dynamical dimensional reduction method which we
designate the “Fast and Low” method (). The approach is to separate chemical species into
two classes, those that have both fast time scales and low concentrations, (FnL species), and
those that do not. Once the FnL species are identified, the dimensionality of the system is
reduced to that of the number of non-FnL species, making hypercube construction less costly.
The inspiration comes from the steady-state approximation and Intrinsic Low Dimensional
Manifold (ILDM) concepts in which concentrations of fast species tend to depend on the
concentrations of slow species. The degree of the reduction is dynamic, and it varies from
hypercube to hypercube because the properties of chemical composition space vary.

Evaluations of the FnL. method were conducted with a 22-species reduced methane
mechanism, DRM-19, based upon the 32-species GRI-Mech 1.2. DRM-19 was constructed
by a manual examination of the chemical rates and species concentrations and subsequent
removal of species based upon their low concentrations and low reaction rates. We observed a
reduction in dimensionality from 22 species to approximately 12-15 with our automated
process thus removing an additional 7-10 species. This is because of the dynamic nature of
our approach which allows for different reductions in different regions of chemical
composition space. This approach was extended to the 32-species GRI-Mech. 1.2 mechanism,
that is a 34-dimensional system in the PRISM context. A reduction in dimensionality from 34
to 12-15 was observed verifying the attractive nature of the dynamic approach.

The FnL process has three key parameters:

the fast-time vs. slow-time partitioning 600
parameter, the high concentration vs. low <00 .
concentration partitioning parameter, and the

perturbation parameter used to determine a 0

species’ time-scale. Optimum values of the
three parameters were determined that
resulted in dramatic reductions in =~ - 300
dimensionality, which in some cases were as

low as 4. Figure 1. is a histogram showing the 200
distribution of reduced dimensionality _
observed for the dynamic reduction of the 100
GRI-Mech 1.2 chemical mechanism. It is
particularly encouraging that very low
dimensionality was observed quite frequently
during dynamic reduction.
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Figure 1 Distribution of Reduced Dimensionality

PRISM was interfaced with the Adaptive Mesh Refinement code of Bell and colleagues (Day
and Bell, 2000). The accuracy and efficiency of using the FnL approach with PRISM for
CH4/Air combustion with GRI-Mech 1.2 is being evaluated for a premixed laminar flame,

and two cases of vortex-flame interactions that differ in the strength of the imposed vortex.
The total CPU time spent in the chemistry portion of simulations that use PRISM, and
simulations that use an ODE solver are compared. Results indicate that the total chemistry
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CPU time is reduced by a factor of 3 for the laminar flame, by a factor of 2 for the flame with
the weaker vortex, and a factor of 1.5 for the flame interacting with the stronger vortex.

A large fraction of the CPU time is devoted to solving the ODEs in PRISM because
polynomials are not constructed for a hypercube until it is determined that its reuse will be

. sufficient to recoup the construction cost. Our previous studies have developed criteria that
determine a priori a hypercubes’s degree of reuse. As a result of applying the criteria,
polynomials are constructed for approximately 2% of the hypercubes in the 34-dimensional
methane system,. During the course of a simulation approximately 70% of the calls made to
the chemistry module were evaluated with polynomials associated with 2% of the hypercubes,
for which polynomials were evaluated. The remaining 30% of ODE calls were addressed by
the remaining 98% hypercubes, which did not meet the criteria for polynomial construction,
and for which the ODE solver was called. When a CPU profiler was used to disaggregate the
CPU costs, it was observed that 90% of the CPU time was used for the 30% (ODE) calls,
while only 10% of the time was devoted to the 70% ODE calls that resulted in polynomial
evaluations. This indicates that the polynomial evaluations are about 20 times faster than the
ODE calls, but that ODE calls still dominate the total chemistry cost. We are currently
investigating an approach for remedying this situation that will ultimately result in mean reuse
increases and more efficient polynomial construction.

Task 2: Developing tools to facilitate building and validating chemical mechanisms
(with Kenneth Revzan): Sensitivity to transport and molecular properties was investigated
in C;Hy/air, CO/Hy/air, and Hy/air flames using the Sandia codes for transport properties
(Tranlib) and our transport codes that are based upon work of Mason and colleagues (Mason
and Uribe, 1996). A paper describing this work is in internal review. Since we use measured
flame velocities, temperature profiles, and species concentration profiles to validate chemical
mechanisms, we focus on the sensitivity of these variables to chemical and transport
parameterizations. Sensitivities of several transport properties are comparable in magnitude to
those associated with the kinetic parameters. Normalized sensitivities were considered
significant if they were greater than 0.1. The importance of individual transport properties
and their underlying parameterizations depends upon the specific dependent variable being
considered and the combustion conditions investigated. Sensitivity coefficients of
observables with respect to diffusion coefficients of select species are the same size as those
associated with Arrhenius A factors. Sensitivities to pure species thermal conductivities of
Ny, Oy, and the fuel are among the largest observed. Sensitivities to thermal diffusion ratios
for Hy/N, and H/N, are also important. These observations are true for many dependent
variables examined: flame speeds, temperatures, and species concentrations, and for both
approaches to the calculation of transport properties. First order flame speed sensitivities to
the Lennard-Jones collision diameter and its counterpart in the exponential repulsive
potential, the length scaling parameter are especially significant for H, Ny, H,, CO, Oy,
C,H4,0, H,O, CO,, and OH. Sensitivities to well depths were most frequently an order of
magnitude less than those for collision diameters, but under some circumstances for N,, H,O,
CO2, H, and CO were significant. Analysis also revealed that the sensitivity to dipole
moments, polarizabilities, and rotational relaxation collision numbers is not significant.

Task 3: Modeling combustion in multi-dimensional flow fields (with John Bell, Robert
Cheng, Marcus Day, and Shaheen Tonse): This is a coordinated effort to investigate
fundamental processes of chemistry/turbulence interactions covering a large range of well
controlled quasi-steady fluid motions and mixture conditions. By performing experiments,
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simulations, and application of analysis tools, we will deduce useful information regarding the
suitability of the chemical and transport parameters used in simulations of complex turbulent
flames. Previous studies of quasi-steady laminar flames have shown that the thermal-
diffusive effects can be attenuated at frequencies that are comparable to the characteristic
flame time. The frequencies are in the range of 200 to 600 sec™ for typical methane premixed
flames, and can occur even at moderate turbulence levels. The local flame speed would not be
highly sensitive to turbulent stretch for flames propagating at higher turbulence levels,. Flame
models based on instability modes that contribute to enhancement or attenuation of flame
surface area must capture these changes. The purpose of our collaborative study of H,, CH,,
and C;Hs flames is to gain insight into this phenomenon that has yet to be systematically
explored. Research accomplished to data involves planning of experiments and simulations.
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I. Program Scope

Polyatomic radical intermediates play a key role in a wide range of combustion processes.
Our recent DOE-supported work'” not only investigates competing product channels in
photodissociation processes used to generate radical intermediates important in combustion, but
also utilize a new technique developed in my lab to investigate the unimolecular dissociation and
1somerization channels of the nascent radicals. The technique allows us to generate selected
polyatomic radical isomers with a well-defined internal energy distribution in the ground
electronic state and then resolve the branching between dissociation and isomerization channels of
the radical as a function of the radical's internal energy. In contrast to other methodologies which
produce the radicals in a molecular beam source and then access the dissociation channels of the
radical by exciting it with a UV photon, this method does not require one to electronically excite
the radical, so offers a more direct probe of the radical's ground electronic state dissociation
dynamics. The data provides a direct measure, based on energy conservation and the velocity of
the lowest energy dissociation products, of the energetic onsets (barrier heights) for polyatomic
radical dissociation reactions for both the lowest barrier dissociation channel and any other C-H,
O-H or N-H bond fission channel competing at higher energy. We have also been developing
experiments to probe radical intermediates important along bimolecular reaction coordinates.
Dispersing the radical intermediates by velocity and thus by internal energy, and then measuring
the velocity of the reaction products, allowing us to identify the product branching as a function
of internal energy in the radical intermediate for energies that span the lowest energy product
channels. Our experimental studies use a combination of techniques including analysis of product
velocity and angular distributions in a crossed laser-molecular beam apparatus, emission
spectroscopy of dissociating molecules, high-n Rydberg H atom time-of-flight spectroscopy
(HRTOF), and, most recently, velocity map imaging of the dissociation products. Much of the
work also serves to test and develop our fundamental understanding of chemical reaction
dynamics. We focus on testing the range of applicability of two fundamental assumptions used in
calculating reaction cross sections and the branching between energetically-allowed product
channels: the assumption of complete intramolecular vibrational energy redistribution often used
in transition state theories and the assumption of electronic adiabaticity invoked in many quantum
scattering calculations and assumed in most statistical transition state estimates of reaction rates.
The influence of angular momentum on product branching is also of increasing interest.

1I. Recent Progress

Our work in the last year included: 1) completing and publishing® our experiments on d-2
allyl iodide to investigate the marked stability of the CH,CDCH, radical as compared to the
CH,CHCH, radical due to centrifugal effects in the dissociation to H (or D) + allene; 2) writing
up work® on the unimolecular dissociation channels of the CH,CHCO radical product and the
CH,CCO molecular product of the C-Cl bond fission and HCI elimination channels, respectively,
of the acryloyl chloride photolytic precursor; 3) completing and publishing our work’ on the
unimolecular dissociation of the CH;CH,CO radical produced in the photodissociation of
propionyl chloride and the competing C-Cl fission and HCI elimination channels of the
precursor; and 4) initiating and analyzing the first data on experiments to resolve the branching
between the allyl + CI(°P,,,) and the allyl + CI(*P ,)) photodissociation channels of allyl chloride.
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A. Centrifugal Effects in the Unimolecular Dissociation of the Allyl Radical: Comparing the
CH,CDCH, radical with the CH,CHCH, radical

Prior work in my group on the dissociation dynamics of the nascent allyl radicals
produced from the photodissociation of allyl iodide at 193 nm dissociation showed that a
substantial fraction of the allyl radicals from the I (*°P,,,) channel formed with 1nternal energies as
high as 15 kcal/mol above the 60 kcal/mol barrier were stable to H atom loss.” We attributed the
stability to centrifugal effects caused by significant rotational energy imparted to the allyl radical
during the precursor photolysis and the small impact parameter and reduced mass characterizing
the loss of an H atom from an allyl radical to form allene + H. In the new experiments begun in
early 2003 and written up for publication later this past year,” we sought to probe the relative
stability of the CH,CDCH, radical as compared to the CH,CHCH, radical. Using d-2 allyl iodide
we synthesized, mod1fy1ng the synthesis used by P. Chen our data at the Chemical Dynamics
Beamline at the Berkeley ALS dispersed the CH,CDCH, radicals from the I (*°P,,,) + CH,CDCH,
channel to determine which of the radicals were formed stable to direct dissociation to allene + D
(and to isomerization to 2-propenyl and subsequent dissociation.) As in our prior work on
CH,CHCH, radicals, a large fraction of the radical with higher internal energy than the barrier to
C-D bond fission were stable to C-D bond fission due to centrifugal effects. The data we took
evidences the differences in the survival probability of highly rotationally excited CH,CDCH,
radicals as compared to CH,CHCH, radicals. The competing effects evidence the profound
effect that conservation of total angular momentum (|L, | = |Lyjene| + 1V,b) can have on the
dissociation of allyl radicals. The centrifugal barrier and the resulting stability of highly
internally excited d-2 allyl versus undeuterated allyl radicals depends on 1) the reduced mass
u for C-D fission in CH,CDCH, is almost 2 times higher than for C-H fission in CH,CHCH,
radicals; 2) the amplitude of the C-D bending and wagging motion is more restricted in the zero
point level at the transition state than the amplitude of C-H bending and wagging, so the range of
impact parameters accessed by the deuterated radical is smaller; and 3) the zero-point correction
to the barrier results in the barrier to C-D fission in CH,CDCH, being slightly higher than the
barrier to C-H fission in CH,CHCH,. The latter two effects suggest the d-2 allyl radicals with
high internal energies will show even a larger probability of surviving secondary dissociation.
This is what our data evidences; the CH,CDCH, radicals are stable to C-D fission at even higher
internal energles than CH,CHCH, rad1cals desplte similar partitioning of rotational energy to
these radicals in the photolyt1c step

B. The competing dissociation channels of the acrvloyl chloride at 193 nm and the
unimolecular dissociation channels of the nascent CH,CHCO radical product

The work® used photofragment translational spectroscopy to investigate the primary and
secondary dissociation channels of acryloyl chloride (CH,=CHCOCI) excited at 193 nm. (Fei Qi
had taken extensive data on acryloyl chloride photodissociation at 193 nm on Endstation 1 at the
ALS and asked us to analyze the data for him.) The data evidenced three primary
photodissociation channels. Two C-Cl fission channels occur, one producing fragments with high
kinetic recoil energies and the other producing fragments with low translational energies. These
channels produced nascent CH,CHCO radicals with internal energies ranging from 23 to 66
kcal/mol for the high- translatlonal -energy channel and 50 to 68 kcal/mol for the low-translational-
energy channels. We found that all nascent CH,CHCO radicals were unstable to CH,CH + CO
formation, in agreement with our G3//B3LYP barrier height of 22.4 kcal/mol to within
experimental and computational uncertainties. Interestingly, though, the CH,CHCO radicals from
the high translational energy C-Cl fission channel in the precursor (an electronic predissociation)
partioned more energy to relative kinetic energy when they underwent C-C fision to form vinyl +
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CO than did the CH,CHCO radicals from the low translational energy C-ClI fission channel. This
suggests that while the internal conversion C-Cl fission channel in the precursor produced ground
state CH,CHCO radicals that dissociated statistically while the nascent radicals from the C-Cl
channel that proceeded by a curve crossing with a repulsive state did not. The third primary
channel is HCI elimination. All of the nascent CH,CCO co-products were found to have enough
internal energy to dissociate, producing CH,C: + CO, in qualitative agreement with the
G3//B3LYP barrier of 39.5 kcal/mol. We derive from the experimental results an upper limit of
23 £ 3 kcal/mol for the zero-point-corrected barrier to the unimolecular dissociation of the
CH,CHCO radical to form CH,CH + CO.

C. Unimolecular dissociation channels of the CH,CH,CO radical and the primary
photodissociation channels of the propionyl chloride photolytic precursor

While the unimolecular dissociation dynamics of the acetyl radical, CH,CO, has been
extensively investigated, the unimolecular dissociation of the CH,CHCO radical is much less well
studied. Two kinetics experiments in the 1960's indicated the barrier for propionyl radicals to
dissociate to CH,;CH,+ CO is 14.6 (14.7) kcal/mol, but more recent computations have favored a
barrier near 17 kcal/mol based on the sum of the endoergicity (13 kcal/mol) and the barrier height
to the reverse reaction (4.8 kcal/mol).

Our experiments this year on the unimolecular dissociation of the CH,CH,CO radical
produced from photodissociation of propionyl chloride show that the dominant unimolecular
decomposition channel of the radical is C-C fission to form ethyl + CO; the C-H fission channel
to form methyl ketene (CH,HC=C=0) + H does not compete with C-C fission in the radical. Our
data on the stable radicals formed from the 248 nm photodissociation propionyl chloride
(analyzed by acknowledging that both spin-orbit states of the Cl atom co-product are produced in
such electronic predissociation channels) arrive at a barrier to the dissociation of the CH,CH,CO
radical of 16.3 +/- 1 kcal/mol, in agreement with the more recent estimates based on adding the
exoergicity to the experimentally measured barrier to the reverse reaction. Our work also
investigates the competing C-Cl fission channel and HCI elimination channel of the propionyl
chloride photolytic precursor.

D. Branching between allyl + Cl@m) and allyl + CI(*P, ,) products in the two C-Cl bond
fission photodissociation channels of allyl chloride at 234 nm

The 193 nm and 234 nm photodissociation of allyl chloride evidence a minor C-ClI fission
channel that is assigned to internal conversion and a major channel that proceeds via electronic
predissociation by a state repulsive in the C-Cl bond. We have just completed experiments which
resolve the spin-orbit state of the Cl atom product in each of these two dissociation channels.
Resolving the recoil velocities of the Cl atom product and, simultaneously, the Cl spin orbit state
using 2+1 REMPI detection in our new velocity map imaging apparatus, gave some interesting
results that showed prior measurements on this system by Park et al. were in error. While the
minor internal conversion channel evidences exclusively CI¢P,,) products, the electronic
predissociation channel resulting in high kinetic energy Cl atoms produces Cl atoms in both spin
orbit states, and with very similar velocity distributions. We interpret the results as follows. The
branching between the two Cl atom spin-orbit states from the electronic predissociation pathway
most likely results from angular momentum recoupling at long C-Cl internuclear distances,
similar to the recoupling that produced a branching between the two spin-orbit states of the Cl
atom product in prior HCI photodissociation studies by Orr-Ewing et al. Indeed, the fraction of
Cl atoms produced in the excited spin orbit state in our electronic predissociation channel is 43%.
This is in very close agreement with the yield of spin-orbit excited state Cl atoms from HCI
photodissociation observed by Orr-Ewing et al and predicted by their theoretical collaborators.
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That branching resulted from angular momentum recoupling at long internuclear distances on the
repulsive electronic state(s). We are currently investigating this spin-orbit branching ratio in
similar systems to assess the validity of the high recoil energy models of this recoupling by Singer
and Freed.

III. Future Plans

This summer we plan to collaborate with Dr. Jim Lin and Y. T. Lee to take data at the
Taiwan Light Source on the dissociation channels of the CH;OCO radical intermediate of the
CH,0 + CO — CH, + CO, reaction. This system is analogous to the HOCO intermediate of
the important OH + CO — H + CO, reaction. We plan to measure the quantum yield of the
CH,O + CO products (detecting CH,O at the CHO" ion it forms upon photoionization),
calibrating the detection efficiency of CH,0O by using the relative signal from the 1:1
production of CH;0 and CI fragments from CH,0C! photodissociation and correcting for the
appropriate Jacobian factors. We plan to produce the nascent CH,OCO radicals from the UV
photodissociation of methyl chloroformate, determining the internal energy distribution of the
nascent radical intermediates by measuring the Cl atom velocity distribution and accounting
for energy conservation. This study thus uses the radical intermediate to access both the
entrance channel and the exit channel of the corresponding bimolecular reaction.
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Experimental Studies Related to the Phenyl+O, Reaction. _
We have proposed that a mechanism similar to that for the formation of CHO
and CH,O from vinyl + O, might apply also to phenyl + O,. Subsequent
extensive DFT and ab initio studies by other groups have supported that
suggestion. However, experimental evidence is still lacking. The most plausible
distinguishing signature that would differentiate our mechanism from the
original one for phenyl oxidation is the formation of the 2-oxepinoxy radical.
.o | All unimolecular reactions of this
. SN £, | radical that have been investigated
© ©/ ©_— computationally are found to have
barriers of = 25 kcal/mol. Detection
of 2-oxepinoxy would provide strong
support for the new mechanism, since
6 g it does not appear in the pathway
@o -— @“’ originally proposed for oxidative
— cleavage of the aromatic ring:
2-0xepinaxy
fphenylperoxy —> phenoxy + O —> cyclopentadieny! + CO). Our goal has
been to prepare a precursor to 2-oxepinoxy that could be used to determine its
heat of formation, infrared spectrum, and unimolecular chemistry. Since 2-
oxepinoxy is a resonantly stabilized radical, it could be prepared in principle by
formal hydrogen atom removal any one of four isomeric precursors:
Somewhat surprisingly, none of
these compounds is known,
and so our first task has been to
repare one or more of them.
f}[)"wg routes were explored but Hierorspmene \\ / Horrepnone
found to be unacceptable. The 0 0 P
route that eventually proved to | || o — | 0 -—— /
be successful is shown on the — — N
IleXt page 2-(7H)-oxepinone 2-0xepinaxy 2-hydroxyoxepin
It has been demonstrated to have the robustness and reproducibility needed for a
“production-line” synthesis. As it turns out, two of the four precursors to 2-
oxepinoxy readily interconvert in solution, with the one on the left of the
diagram (2-(3H)- oxepinone) being strongly favored. There is no detectable
amount of the other two isomers at equilibrium. The precursors are now being
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used for direct physical measurements, and will also be synthetically elaborated,
for reasons described below.

The first order of business is to
3 numen, e determine the experimental enthalpy
2 prsesr and entropy differences between the 2-

Nammm.,..m.d., (3H)- and 2-(7H)-oxepinone isomers.
Dlbenzoy peraxide This is necessary because the gas-phase
acidity measurements described below

are being made under conditions

DBU(abase) o - . .
—— where equilibration of these isomers is
expected. Direct determination of the

gas- phase equilibrium constant is

difficult, but solution-phase determma’aon is easy (by a simple van’t Hoff plot
from variable-temperature '"H nmr). We do not expect the differential solvation of
the two isomers to be significant, but that is being checked by determining the
thermodynamic parameters in a variety of solvents. If, as we expect, there turns
out to be negligible solvent dependence, then the extrapolation to the gas phase
could be made with confidence. As a further check, we can compare our results
with the predictions of high-level ab initio calculations. For example, CBS-QB3
calculations predict AH® = 3.8 kcal/mol and AS° = 0.19 cal/(mol K), with the
equilibrium constant favoring the 2-(3H)- isomer, in the gas phase.

In parallel with this study we have just initiated a collaboration with Professor
Christopher Hadad at The Ohio State University to generate the 2-oxepinoxy
- anion in a flowing afterglow. The purpose is to determine the gas-phase acidities
of 2-(3H)-oxepinone and 2-(7H)-oxepinone. What is not known at this stage is
whether gas-phase F~ will reversibly deprotonate 2-(3H)- and 2-(7H)-oxepinone.
Simple DFT calculations suggest that it should, but those calculations cannot
anticipate all of the possible side reactions. Should the reversible deprotonation
- not prove feasible, the “bracketing” technique, using a variety of bases of known
basicity, will be employed.

At the end of June, 2004, the PI finishes his term as Department Chair, and will
then be on sabbatical leave. Part of that leave, beginning in January 2005, will be
spent at the University of Colorado at Boulder with Professor G. Barney Ellison.
The intention will be again to generate the 2-oxepinoxy anion, but this time to
photodetach it in a negative-ion photoelectron spectrometer in order to
determine its ionization potential(s). For this experiment an irreversible
generation of the anion is preferred, and so a modified precursor may be
necessary. A plausible candidate is 2-trimethylsiloxy-oxepin, which should be
readily available from the 2-(3H)- and 2-(7H)-oxepinones that we have already
prepared.

a -/ ™s | Good precedent suggests that its

7N e treatment with F~ in the gas phase will

N | (CoHg)sN, | 2 result in irreversible formation of the
desired anion plus (CH,),SiF.

ZnCl, e

TMS = (CHy),Si

The negative ion photoelectron spectrum, in combination with the gas-phase
acidity measurement and some standard calorimetry on the precursors will
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allow us to determine an experimental heat of formation for the ground state of
the 2-oxepinoxy radical, and possibly for any low-lying excited states that may
be accessible in the photodetachment experiment.

Investigation of the Role of Nonstatistical Dynamics in Combustion

Reactions.

Over the past several years, this laboratory has been conducting NSF-sponsored
experimental and computational research into the role of nonstatistical dynamics
in the behavior of thermally generated reactive intermediates. Early on, we
thought that these phenomena were restricted to relatively exotic intermediates,
such as singlet biradicals, that sit on energetic plateaus on the PE surface. There
is little reason to believe that intermediates of that kind have much relevance to
combustion chemistry. However, more recently we have found evidence for
nonstatistical behavior of intermediates that sit in local minima as much as 20
kcal/mol deep.”” That discovery greatly broadens the potential range of
reactions that could be affected by this phenomenon, and brings many of the
elementary reactions of combustion into play.

The principal experimental evidence in support of the nonstatistical picture
comes from studying reactions in which the intermediate sits on an effective
symmetry element of the PE surface. However, it is important to emphasize that
the presence of the symmetry element is not required for the nonstatistical
behavior — it merely makes its experimental detection easier. When there are two
exit channels from the intermediate that are related to each other by a symmetry
operation, the prediction of a product ratio becomes trivial for any statistical
model — it is unity. In reality, however, product ratios as high as 10:1 have been
found for such systems. The 10:1 ratio was found for a molecule with 24 atoms,
and so the argument that the high density of vibrational states in polyatomic
systems ensures statistical behavior also seems not to be universally valid.

Recently* we have begun to develop an analytical model for the nonstatistical
dynamics revealed by the experiments and simulations. It is currently being
further elaborated. Its key feature is that it reproduces the findings from
quasiclassical trajectory simulations, which show that formation of products
from thermally generated reactive intermediates is often not well described by
single-exponential functions, and can sometimes have oscillatory components as
illustrated in the graph below. The function y(t) describes the excess product per
unit time formed in two symmetry-related exit channels from an intermediate
generated in a thermal reaction of an asymmetric reactant.
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The decay of the oscillations is due both to product formation and to IVR.

We believe that the nonstatistical dynamics of thermally generated reactive
intermediates has potentially important consequences for the modeling of
combustion reactions because its occurrence implies that the branching ratio
from such intermediates could not be accurately predicted by statistical kinetic
models even if an exact PE surface were available.

With the increasing availability of inexpensive, high-performance computers, it
is starting to become feasible to run direct-dynamics calculations using ab initio
or DFT models for the PE surface. We would like to explore the use of such
methods for a reaction of importance in atmospheric chemistry. We have
selected it because the size of the molecular species makes the calculations
tractable, and their chemical structures are very similar to those of intermediates
that are of importance in combustion. Furthermore, the reaction in question has
many steps, with multiple possible branches at several of the steps - just as one
sees in combustion. If we find that nonstatistical dynamical effects are important
in this model study, we can begin to think about how they might play a role in
combustion kinetics. The reaction in question is of ozone with ethylene. It is
known that atmospheric ozone reacts with alkenes to generate OH, but the
mechanism is unclear. For example, Anderson et al. have shown that ozone react
with ethylene to make OH. Their mechanism for the reaction is shown below:

W Mg o me=" Perhaps the most controversial feature

I \>@ — - [o> —— o P | of this mechanism is the conversion of

camony'oxide§°® dioxirane, via a biradical, to

vibrationally hot formic acid, which

o - l then breaks the C-O bond to generate

e SDVARE o OH. It is certainly true that the
\, "—< "o T "™ | exothermicity of the conversion of the

dioxirane

biradical to formic acid is enough (estimated 140 kcal/mol) to break the C-O
bond (dissociation enthalpy 110 kcal/mol). However, formic acid has available
to it at least two other reaction channels with lower barriers than C-O scission:
formation of CO and H,O is calculated to have a barrier of 69 kcal/mol, and
formation of CO, and H, is found to have a barrier of 73 kcal/mol. Furthermore,
the biradical intermediate has a very low-barrier reaction for extrusion of H, to
form CO,. So, if the Anderson mechanism is correct, there must be some
dynamically interesting phenomena that lead to an unexpectedly high efficiency
for the formation of OH. We would like to understand what those are, not only
because the reaction itself is of importance in atmospheric chemistry, but also
because there may well be lessons learned in this exercise that could be
transferable to combustion chemistry. .
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Scope of Program

The goal of this program is to develop and utilize advanced imaging techniques
for the study of chemical processes. The processes to be studied range from bimolecular
process such as rotational, vibrational and electronic energy transfer and reactive
collsions to unimolecular photochemistry. Of present interest have been electronic non-
adiabatic collision processes, non-adiabatic photo-dissociation of van der Waals
molecules, production of ultra-cold molecules by inelastic collisions and near threshold
photo-dissociation of van der Waals molecules. These studies are carried out under
molecular beam conditions and, when possible, the results are compared to state-of-the-
art calculations.

Progress Report
Bimolecular Processes
Cl (2P3/2 or ZPl/z) + D, Reaction

The chlorine plus D; reaction has been the subject of considerable controversy over the
last several years. Kopin Liu published a crossed molecular beam study of this reaction
and found that the non-adiabatic channel, Cl*(ZPm) +D,, channel was more reactive than
the adiabatic, CI(*P3;) +Ds, channel even at energies where both channels were open.
Millard Alexander has performed high quality scattering calculations on this system and
finds that the non-adiabatic channel is on the order of 5% as reactive as the adiabatic
channels under the same condition as the experiments. This has been referred to as one
of the biggest outstanding discrepancies between theory and experiment for small
molecule chemistry. In order for the non-adiabatic channel to be highly reactive, the
curve crossing between the channels must be of sufficient probability. In order to
determine an upper limit to the probability of curve crossing we are investigating the non-
adiabatic scattering of Cl from D, to produce C1* + D,. The curve crossing is calculated
to be far out in the entrance channel and therefore as Cl collides with D it will hop
surfaces long before the chlorine atom interacts with the repulsive core of the D,
molecule and scatters. By imaging both the Cl and C1* products we should be able to
observe, on different parts of the images, elastic scattering of Cl from D, as well as the
elastic scattering of CI* and the non-adiabatic inelastic scattering of Cl to produce CI*.
In Figure 1 below we show the images of an atomic beam of 95% ground state Cl atoms
and 5% CI1* atoms after scattering from a molecular beam of D,. Note the elastic
scattering is predominantly forward scattered and the C1* image looks identical to the
image of the Cl. If there was significant curve crossing from the Cl surface to the Cl*
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surface with the corresponding loss of ~800 cm™' of translational energy then a small ring
in the center of the C1* image would be visible. From the lack of any visible signature of
curve crossing and knowing the ratio of Cl to C1* in our molecular beam we can estimate
that the curve crossing cross section is at least 3000 times smaller than the elastic
scattering cross section. We are continuing with this study to push this limit even lower.

Figure 1 Images of Cl (*P3;; ) and CI( *P\1p) in collision with D,. The rings represent elastic scattering.

NO + Ar

The radical nature of the NO molecule has made it an important molecule for scattering
studies. The inelastic scattering system of NO collision with Ar has become a benchmark
system because of the excellent potential energy surface for this system and the amount
of high level calculations that have been performed upon it. In performing inelastic
energy transfer experiments on this and other systems we have noticed that the intensity
patterns that we observe are asymmetric and more intense at velocities that are small in
the laboratory reference frame. This is because the slower moving molecules in the
laboratory frame tend to be more localized at the point where the lasers intersect the
scattering and create ions. We have investigated this single collision process in crossed
molecular beams for the slowing (or cooling) of gas phase molecules. We have found that
by controlling a collision between a nitric oxide (NO) molecule and an argon (Ar) atom
we are able to slow the NO molecules to speeds that correspond to temperatures of less
than 400 millikelvin (0.4K), or speeds less than 15 meters/sec. For our experimental
conditions this speed distribution is only obtained for one particular rotational quantum
state of the NO molecule, NO(j=7.5). This quantum state has the proper energy such that
its recoil speed is equal to that of the center-of-mass speed of the collision pair and some
of those scattered into this state are traveling opposite in direction to the center of mass of
the system and are therefore slowed or "cooled" in the laboratory reference frame. For
other collision energies or collision partners the particular quantum state that will be
"cooled" in the laboratory reference frame will be different.

We believe that this measured speed distribution represents an upper limit and that in
reality we have made a distribution of molecules with an effective temperature of 40
millikelvin (~4 m/s). We believe this due to extensive modeling of this collision system.
Figure 2 is an image of the NO(j=7.5) that is produced by collision with Ar along with
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the speed distribution that is measured for the slowly moving molecules in the bright spot
at the top of the image. This work was done in collaboration with Professor James
Valentini of Columbia University.
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Figure 2. Image of NO(j=7.5) collision product showing slowly moving molecules and the speed
distribution of the molecules that are slowed in the laboratory reference frame.

Unimolecular Reactions
Cyclohexane / X; (X = Cl or O) Dimers

We have investigated dissociation from the charge transfer state of van der Waals clusters
after excitation through a strong absorption band in the ultraviolet. Based on a simple
model and low level ab initio calculations, the location of the charge transfer absorption
for a Cl,-cyclohexane cluster is predicted and the dissociation of this cluster leading to
C1*(*Py1,) and C1(*P3) was investigated. The translational energy distribution, P(Er) for
each cluster is analyzed in terms of two possible dissociation mechanisms. The
dissociation may be considered to proceed on the initially accessed charge transfer state
through a harpooning type mechanism. Alternatively, the dissociation may proceed
following a non-adiabatic electronic transition to the neutral excited states of the diatomic
subunit of the cluster. For O;-cyclohexane, the P(Er) is consistent with the second
dissociation mechanism. We determine from the available data that the likely structure
for the vdW complex is analogous to the resting structure of I,-benzene with the O, bond
axis lying above the cyclohexane ring. For Cl,-cyclohexane, we analyze the velocity
dependence of the Cl recoil anisotropy and find it increases from nearly isotropic (§ ~ 0)
to distinctly anisotropic (f ~ 1.7-2). The fast, anisotropic Cl atoms result from
dissociation of the cluster on the neutral excited states of Cl,. The slow, isotropic CI
atoms likely result from secondary dissociation of the product Cl-cyclohexane cluster.
We determine a C1*( 2P1,2)/C1(*P3») branching ratio of 0.53% 0.05 and estimate that ~19%
of the observed Cl atoms result from primary dissociation on the initially accessed charge
transfer state. The data suggests that the Cl,-cyclohexane cluster has an axial like
structure following absorption of a photon. Finally, the rapid non-adiabatic hop from the
charge transfer state to the neutral excited states of the diatomic can be explained in terms
of coupling of the states though a one-electron change.
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Future Directions

_ The collisional cooling of molecules to millikelvin temperatures represents a new way of
creating single quantum states of translationally cold molecules. We propose to further
investigate this technique for cooling molecules and will attempt to trap the molecules in
either an intense off resonant laser field or an electric field Stark trap. We believe that by
picking the appropriate mass combination of molecule and atom for collision that we can
push the speed distribution into the microkelvin range. If this is possible many molecules
can be trapped for the performance of high-resolution spectroscopy or collisonal studies
at very low collision energies.

In the area of reactive scattering we would like to extend our study of the electronically
non-adiabatic scattering to the observation directly of the non-adiabatic reaction products.
In the case of the reaction above, Cl or C1* + D; the product is DC1. By measuring the
velocity distribution of a single quantum state of the DCI product we hope to determine
the contributions to that product channel from the Cl and the CI* channels. This will
require further refinements to the existing apparatus.
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Program Scope

The goal of this research program is to gain fundamental insight into unsteady flow/chemistry interactions
that occur in turbulent combustion, and to develop and validate combustion models required in various
engineering CFD approaches including Reynolds Averaged Navier-Stokes (RANS) and Large-eddy
simulation (LES). In this work a high-fidelity numerical approach known as direct numerical simulation
(DNS), which resolves all of the scales in the scalar and velocity fluctuations, is used to efficiently
investigate fine-grained physical phenomena associated with interactions between convective and
diffusive transport with detailed chemistry in the combustion of hydrogen and hydrocarbon fuels.

Recent Progress

In the past couple of years we have extended the DNS approach to explore new parameter spaces, enabled
by improvements in numerical boundary condition treatment [6] and high-order implicit time integration
of chemically stiff systems [7]. The former improvement enables exploration of laboratory experimental
configurations with detailed chemistry in which fully-developed grid turbulence interacts with a flame in
the computational domain (e.g. jet flames, Bunsen and V-flame, counterflow). In this manner the
statistically stationary behavior of a flame can now be studied with DNS, without the previous limitations
of decaying velocity fluctuations in isotropic turbulence. The additive Runge-Kutta method has enabled
the integration of stiff chemical kinetics, e.g. autoignition in large hydrocarbon fuels like n-heptane.
These improvements along with a new efficient F90 MPP modular construction of the 3D DNS code,
53D, have enabled us to pursue new research thrusts described below.

Ignition Front Propagation in a Constant Volume at High Pressure With Temperature Inhomogeneities

At present, the combustion mode in HCCI engines is not well understood, as both volumetric and front-
like combustion modes can occur. A major challenge posed by this method of combustion is to control
the heat release rate, and in particular, to provide a means to spread it out over several crank angle
degrees, suppressing the occurrence of damaging engine knock. We have used DNS to explore the
influence of temperature inhomogeneities on characteristics of ignition and subsequent combustion in an
HCCI environment. We simulated the evolution of autoignition from an initial temperature fluctuation
spectrum of "hot spots" at high pressure using two-dimensional direct numerical simulations (DNS) with
a detailed hydrogen/air reaction mechanism [13,14]. One of the primary objectives in this study was to
develop systematic and rational methods to identify and analyze different regimes of ignition and
subsequent combustion processes. The theoretical basis stems from an earlier study by Zel'dovich, who
described ignition of a nonuniform mixture in three distinct regimes of propagation: deflagration,
spontaneous ignition front propagation, and detonation. He further showed that the spontaneous ignition
front speed is inversely proportional to the initial temperature gradient, suggesting a characterization of
ignition regimes based on the speed of the ignition front. The concept has been applied to identifying
ignition regimes in various one-dimensional configurations. We extended the idea to more realistic two-
dimensional ignition problems, where multi-dimensional aspects including wrinkling and mutual
interaction of fronts are fully accounted for.
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To obtain the speed of the advancing combustion wave, we defined an ignition delay time for a given
fluid parcel as the time for a scalar to reach a critical level, resulting in the unambiguous identification of
the ignition front speed with the iso-surface displacement speed, sq* , that has been used in previous
studies. We further identified the role of molecular diffusional effects including heat conduction and
mass diffusion on ignition propagation. Ignition front propagation evolution during constant volume
combustion was monitored by evaluating the surface mean of the ratio of the local front speed to the local
deflagration speed. This local measure was also used to distinguish front propagation in the different
regimes and was applied to several different initial temperature fields characterized by the standard
deviation and skewness of the temperature fluctuation. The results compared favorably with a volumetric
measure based on a critical temperature gradient.

The Effects of Strain Rate on High-Pressure Nonpremixed N-Heptane Autoignition in Counterflow

Ignition processes are an integral part of combustion in many practical systems including, for example,
diesel engines. Ignition in diesel engines typically occurs while strong fuel-air and temperature
inhomogeneities exist, making the study of ignition in non-premixed configurations with compressed
reactants particularly valuable. N-heptane has a cetane number similar to diesel fuel, and it is widely used
as a model fuel to study the ignition process. Research into n-heptane ignition in homogeneous systems,
where kinetics is best studied, is mature, but there have been few fundamental studies of inhomogeneous
mixtures at conditions relevant to diesel ignition. We studied the effect of steady strain on the transient
autoignition of n-heptane at high pressure numerically with detailed chemistry and transport in a
counterflow configuration. Using a skeletal mechanism developed for ignition at high pressure by
Professor H. Pitsch at Stanford University [9] we studied the effect of strain on multistage n-heptane
ignition, first, by imposing a uniform temperature for both the fuel and oxidizer streams. Second, we
imposed a temperature gradient between the fuel and oxidizer streams. We were able to capture the global
effect of strain on ignition by defining a Damkd&hler number based on either heat release rate or the
characteristic chain branching rate as we have done in earlier studies [3].

We discovered that for multi-stage ignition, negative temperature coefficient behavior does not exist for
high scalar dissipation rate. The reason for this behavior is the self-generated temperature gradient
associated with the transition from low-temperature to intermediate-temperature chemistry. This gradient
is steep and results in significant diffusive losses that inhibit second stage intermediate-temperature
chemistry. Moreover, we found that the imposition of an overall temperature gradient further inhibited
ignition because reaction zones for key branching reactions with large activation energies are narrowed.
For a fixed oxidizer temperature that is not sufficiently high, a higher fuel temperature resulted in a
shorter ignition delay provided that the heptyl radicals are mainly oxidized by low-temperature chemistry.
As expected, we found that an increase in pressure significantly increased reaction rates and reduced
ignition delay time. However, with increasing pressure there is a shift towards single-stage low-
temperature dominated ignition, which serves to delay ignition. Similar to homogeneous conditions, we
discovered that the pressure dependence of the ignition delay can be fit to a power relation.

Ignition of Hydrogen in Unsteady Non-premixed Flows — Comparison of experiment and computation

We investigated the effects of unsteady strain on hydrogen ignition in non-premixed flows with both
experimental measurements and numerical counterflow computations [15]. These experiments and
computations represent the first attempt at quantifying the effect of strain, both steady and unsteady, on
the evolution of radicals during ignition through to the formation of a flame. Comparisons between
computations and experiments were made for the evolution of OH during autoignition both for steady and
unsteady strain. We used the computations to evaluate the performance of selected hydrogen/air
mechanisms for ignition in the presence of transport, and also to aid in the interpretation of experimental
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results. Previous evaluation of chemical mechanisms for ignition were conducted in homogeneous
systems, e.g. flow reactors in the absence of diffusive transport. Similar to the experiments, we triggered
ignition computationally by introducing a Gaussian profile of O atoms at a fixed location. We found that
for both steady and unsteady strain, the transient one-dimensional counterflow ignition simulations of
hydrogen/nitrogen against heated air showed excellent agreement with the experiment in terms of
predicting ignition delays and the rate of OH accumulation during the induction period. The
computations also captured the super-equilibrium OH during the transition to the formation of a steady
flame, although not to the degree observed experimentally.

To better understand the cause of the super-equilibrium OH we performed 2D DNS of the steady
counterflow ignition configuration. The 2D simulations reveal the formation of an edge flame
propagating radially outward from the ignition kernel following thermal-runaway. Because the edge
flame 1s in a strain field, the three branches of the triple flame are collapsed on one another and there
exists substantial preferential diffusion at the leading edge of the highly curved propagating front.
Preferential diffusion of H, results in enhanced radical production and fuel consumption rates locally.
Peak intensity of OH LIF was also observed at the radial edges in the experiment following ignition.
Because the hydroxy! radical recombines slowly it can diffuse back to the centerline where the
measurements of the superequilibrium OH were observed.

Influence of Hydrogen Blending on Lean Premixed Methane-Air Flames

Lean premixed combustion in gas turbines offers the potential to produce power with low NO, emissions
but can suffer from poor combustion stability, resulting in poor combustion efficiency, higher emissions
of CO and unburned hydrocarbons, and (potentially) mechanical damage. The replacement of small
amounts of the fuel with hydrogen offers the opportunity to increase flame stability, and thus reduce
emissions. We investigated the effect of hydrogen blending on lean premixed methane-air flames using
the DNS approach coupled with a reduced chemical mechanism [8]. Two flames were compared with
respect to stability and pollutant formation characteristics - one a pure methane flame close to the lean
limit, and one enriched with hydrogen.

The stability of the flame was quantified in terms of the turbulent flame speed. A higher speed was
observed for the hydrogen-enriched flame consistent with extended blow-off stability limits found in
measurements. The greater flame speed is a result of a combination of higher laminar flame speed,
enhanced area generation, and greater burning rate per unit area. Preferential diffusion of hydrogen
coupled with shorter flame time scales account for the enhanced flame surface area. In particular the
enriched tlame is less diffusive-thermally stable and more resistant to quenching than the pure methane
flame resulting in a greater flame area generation. The burning rate per unit area correlated strongly with
curvature as a result of preferential diffusion effects focusing fuel at positive cusps. Lower CO emissions
per unit fuel consumption were observed for the enriched flame, consistent with experimental data. CO
production was greatest in regions that undergo significant downstream interaction where the enriched
flame exhibits faster oxidation rates as a result of higher levels of OH concentration. NO emissions were
increased for the enriched flame as a result of locally higher temperature and radical concentrations found
in cusp regions.

Future Plans

Ignition Front Propagation DNS and Model Development

Recent DNS of lean hydrogen-air ignition at high pressure at constant volume with temperature
inhomogeneities showed the dual significance of scalar dissipation- first, limiting the minimum attainable
ignition front speed, and second, modulating the initial spectrum of temperature gradients, thereby
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promoting spontaneous front propagation rather than deflagration. We will investigate this latter effect in
greater detail by simulating over a wider range of turbulence and initial temperature distributions for
H2/air mixtures and then extend this study to consider differential compressive heating in multi-stage
autoignition of hydrocarbon fuels. We anticipate that larger initial integral length scales of the
temperature field that are more representative of HCCI combustion will favor the spontaneous ignition
front mode of propagation. We will develop a unified theoretical basis for predicting the front speed fully
accounting for cumulative compressive heating. In the model, the turbulent DNS ignition data will be
used to provide a probabilistic description of the evolution of the initial temperature and mixture
fluctuations. We are also planning to use the transported pdf approach to describe compression ignition
in a turbulent environment.

Unsteady Strain Effects on Autoignition of N-Heptane in Counterflow

Results from our recent study of steady strain effects on the transient autoignition of n-heptane at high
pressure showed that, for multi-stage ignition, strain has an unequal effect on low-temperature and
intermediate-temperature chemistry. In particular, it was shown that, at sufficiently high strain or scalar
dissipation rate, intermediate-stage chemistry is inhibited such that negative temperature coefficient
behavior ceases to exist. We plan to further investigate the effect of unsteady strain, both monochromatic
oscillation as well as impulsive forcing, on the behavior of transient n-heptane ignition at high pressure.
We are especially interested in determining whether alternate chemical pathways to multi-stage ignition
exist in situations where an ignition kernel encounters scalar dissipation rates comparable to critical
characteristic branching rates, which may inhibit normal pathways to ignition. '
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Scope

This research program focuses on lean premixed combustion: an advanced low emission energy
technology for heating and power systems. Combustion processes in these systems are turbulent
and are not sufficiently well characterized or understood to guide turbulent combustion theories
and computational methods. Our objective is to investigate experimentally the coupling of
turbulence with burning rate, flame stability, extinction and pollutant formation. The goal is to
provide for energy technologies the chemical and fluid mechanical scientific underpinnings that
can be captured in models and simulations that will become accurate and reliable tools for
predicting combustion process performance. This effort is responsive to DOE’s mission to
"foster a secure and reliable energy system that is environmentally and economically
sustainable.” Our approach 1s to conduct detailed measurements of the spatial structures of the
turbulent scalar and velocity fields of laboratory flames over a wide range of fuel/air ratios, flow
velocities and turbulence intensities. The analysis and interpretation are guided by a theoretical
concept of classifying premixed flames according to the initial turbulence and thermo-chemical
conditions. Specific goals for FY 05-07 will be (1) to obtain experimental data and analyses to
support the development of 3D time dependent numerical simulations with comprehensive
chemistry at the local scale (O(1 cm)) and at the devise scale (O(10 cm)), and (2) elucidate the
fundamental processes in turbulent premixed flames at very high flame speeds (> 15 m/s) and/or
at elevated initial pressures and temperatures. '

Recent Progress

With the implementation of a Particle Image Velocity (PIV) system in FY03, we have extended
our capability to measure instantaneous 2D velocity vectors within a relatively large field of
view (13cm?) for comparison with results from computational methods such as Large Eddy
Simulation (LES), and 3D time dependent direct numerical simulations using Adaptive Mesh
Refinement (AMR). Our PIV system has a dual synchronized YAG-laser system interfaced with
a PC- controlled frame grabber and a 2048 by 2048 pixel digital camera. Data acquisition and
analysis software is provided by NASA Glenn Research Center. The PIV system has been used
to obtain a large set of data for our collaboration with LBNL’s Center for Computational Science
and Engineering at LBNL. The CCSE group lead by John Bell is developing discretization
methodology for low Mach number flows using compressible second order Navier-Stokes
equations. AMR is one of their major areas of research for time dependent 3D simulations of
premixed turbulent combustion. We selected two experimental configurations. The first is a
plane symmetric v-flame that is one of the basic configurations for fundamental studies. The
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second is an air-jet low-swirl burner (LSB) that is more complex but is a critical test-bed for
assessing the simulation method and the flame and species transport models.

For the v-flame, experiment and simulation conditions are CHs/air at ¢ = 0.7, U, =3 m/s, u’ =
7%, and, v’ = 5%. The conditions are chosen to be compatible with the current capability of the
simulation. Velocity measurements on 2D plans perpendicular and parallel to the rod-stabilizer
have been made to infer the 3D flowfield features. Both non-reacting and reacting flow data have
been obtained and analyzed. The non-reacting data was necessary to establish the initial
conditions for the simulation and to verify the intensity, isotropy and length-scale of the
simulated turbulent inflow. The reacting flow was computed by a 3D AMR method using a time-
dependent low Mach number algorithm that conserves both species mass and total enthalpy. It
incorporates detailed chemical kinetics and a mixture model for differential species diffusion.
Methane chemistry and transport are modeled using the DRM-19 (20-species, 84-reaction)
mechanism derived from the GRI-Mech 1.2 mechanism along with its associated
thermodynamics and transport databases. AMR dynamically resolves the flame and turbulent
structures.

A primary objective of our first study was to determine, by direct comparison with PIV data, the
refinement levels necessary to predict the overall scalar field (flame brush) and flowfields (mean
and rms velocities). The simulation was carried out in two parts. Inflow conditions were
generated in a separate nonreacting simulation of the upstream turbulent flow produced by a
perforated plate in a circular nozzle. For the reacting flow region, a (12 cm)® domain was used. It
was found that, with the low Mach number implementation, a 3-level adaptive grid hierarchy,
with a finest-level grid spacing, Ax = 312.5 um, was capable of predicting with remarkable
fidelity the major features of the experimental results. The results confirm that the AMR low
Mach number implementation is well-suited for our laboratory flames. It is expected that a
higher level of mesh refinement will improve the fidelity of the computation and resolve the
internal structures of the flamelets.

We also applied PIV to an LSB flames that is being simulated by AMR. The conditions also
involve relatively low velocity and turbulence (CHy/air at ¢ = 0.8, U, =5 m/s, u’ = 7%, and v’ =
5%). However, the field of view provided by PIV showed that the LSB flames have some
features that have yet to be fully characterized. For some cases, stagnation points are found
downstream of the flame brushes indicating the formation of flow recirculation in the products.
To further understand the significance, role, and influence of the downstream recirculation on
other flame processes we conducted an extensive study on the effects of heat release, flow
Reynolds number and swirl number on the flowfield dynamics of the LSB. Nine CHy/air flames -
and their corresponding non-reacting flows were measured. At a fixed swirl rate, the non-
reacting flows show that the recirculation zones were formed only when U, > 5 m/s. With
combustion, the flames were all stabilized upstream of the recirculation and gas expansion in the
products pushed the recirculation zone downstream. To characterize the recirculation strength,
we calculated the local mass flux of the recirculating fluid, M; and normalized by the total axial
mass flux M,. The results show that the maximum values of My/M, were < 1%. These levels are
about an order of magnitude lower than in conventional high-swirl burners where the
recirculation zone is critical to flame stabilization. As the flame brushes are situated upstream of
the weak recirculation zone, flow reversal in the farfield has no significant impact on most aspect
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of the turbulent flame brushes but is a distinct characteristic of the LSB flowfield. The prediction
of location and strength of the weak recirculation zone can be an additional test criterion for
computation methods.

Our studies have concentrated thus far on CH, flames where the local speed of the flame fronts
are not highly sensitive to flame curvature, compression or strain. This is not the case for H, and
C;Hjg flames where aerodynamic stretch and flame curvature are coupled to flame front
instability modes that contribute to enhance or reduce flame surface area. This is the thermal-
diffusive effect due to nonuniform species diffusion that either generates cellular flame
structures in lean Hy/air flames with Lewis number Le << 1 or dampens the formation of
wrinkles in lean C;Hg/air flames with Le >> 1. This self-turbulizing and laminarizing nature has
a direct impact on turbulent burning rate but remains relatively unexplored by experiments and
analyses. Recent experimental and numerical studies on unsteady laminar flames have shown
that these flame instability etfects may be attenuated at higher turbulence intensities.

To determine whether or not the relative influences of thermal-diffusion effects decrease with
increasing turbulence, we initiated a series of studies of Hy/air, CHs/air and C;Hg/air flames
using an air-jet LSB. We varied Le by the use of mixtures of H, (Le = 0.33, ¢ = 0.3), CHy (Le =
1, = 0.8) and CsHg (Le = 1.85, ¢ = 0.75) having the same laminar flame speed, s, of 0.3 m/s.
Their flame regime parameters (i.e., Ka, Da) are also the same for a given level of turbulence.
The test matrix consists of U, at 5, 10 and 15 m/s all with S = 0.8. We plan a comprehensive
study using OH-PLIF and PIV to measure the scalar and velocity statistics. The conditioned and
unconditioned PIV measurements are complete and the OH-PLIF measurements are in progress.
The flame wrinkled structures shown on PIV raw images seem to suggest the Le effects persist
even at higher turbulence. This effect will be quantifiable by analyzing the flame curvature
statistics from OH-PLIF measurements.

Relative to the experimental efforts, our research on computational method is more modest.
From the onset, our focus has been to develop Largragian time-dependent methods with infinite
rate chemistry that can capture the turbulent flame flowfield properties and simulate evolving
processes such as flow deflection, turbulence production and dissipation, and flame wrinkling.
We focus on the use of 2D discrete vortex simulation to study v-flames. Though other more
elaborate numerical approaches, such as LES and AMR, have been developed, the discrete
vortex method provides a useful and very economic alternative to resolve the salient features of
the time-dependent dynamic flowfield. In collaboration with Prof. C. K. Chan of the Hong Kong
Polytechnic University our recent achievements include improvement in the simulation of the
complex flame fronts by a novel numerical technique called Contour Advection with Surgery
(CAS) [35]. We found that CAS can be extended to other combustion geometries, such as
stagnation flame, when the reaction sheet model is employed.

At the 8" International Workshop on Premixed Turbulent Flames, we offered to lead the
development of a website for disseminating experimental data published in archival journals.
The collective recommendation was to group the experiments into three categories (1) oblique
flames, e.g. v-tflames (2) envelop flames e.g. Bunsen type conical flames, and (3) detached
flames, e.g. LSB flames. Each category will have a separate website offering a description of
their attributes, definitions of the flame properties and a list of papers. Data and supplemental
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data for the papers can be accessed through DOE’s Collaboratory for Multi-scale Chemical
Science (CMCS) web portal. We are working with Bill Pitz of Lawrence Livermore Nat’l Lab
and David Leahy of Sandia Nat’l Lab to design and test the sites. A preview is currently
available at (http://eetd.lbl.gov/aet/combustion/workshop/Database/flame-config.html).

4. Summary of Planned Research

Our longer term goal is to develop the experimental capabilities to characterize 3D velocity
statistics and flame structures. The tasks for FY 05 — 07 are:

1. Collaborate on the development of computational methods with (1) LBNL-CCSE group on
Low Reynolds number AMR simulations of v-flame and LSB flame, (2) Georgia Tech on
LES simulation of LSB flames, (3) Sandia National Lab CRF on direct numerical simulation
of small turbulent v-flames, and (4) Hong Kong Poly. Univ on discrete vortex method of
laboratory turbulent v-flames.

2. Investigate the role of thermal-diffusive effects on flame/turbulence interactions to determine
a possible attenuation of the thermal/diffusive instability with increasing turbulence.

3. Develop an unsteady laminar flame configuration as a fundamental theoretical and
experimental test-bed for developing robust species transport models that can be used in
flame models with detailed chemistry (Collaborate with N. J. Brown and LBNL-CCSE).

4. Investigation of premixed turbulent flames at high velocities.

5. Studies of turbulent flames at high initial pressures and/or temperatures

6. Experimental database for premixed turbulent flames
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Program scope

This research program has as its objective uncovering of the reaction mechanisms responsible for the
formation of various heteroatom-containing combustion emittants. As such, it holds the promise of guid-
ing the practitioners of applied science and engineering in their efforts to significantly reduce the pyro-
lytic production of carcinogens and other hazardous substances. At the same time, it is slated to test prac-
tical limits of the predictive power of modem quantum-chemical methods and shed light on mechanisms
of many reactions that are commonly employed in organic syntheses.

Recent progress

The research funded by this grant has thus far yielded 20 papers with the P.I. as the main author or a co-
author (see the enclosed list for the 11 publications that appeared in years 2001-2003). In addition, several
papers were published by the co-P.I. (Dr. D. Moncrieff) who has since departed from the research pro-
gram. Five research projects resulted in papers published in 2003.

1. When calibrated against the available experimental data for didehydrobenzenes, RB3LYP/cc-pVTZ,
QCISD/cc-pVTZ, CCSD(TYce-pVTZ, and G3 electronic structure calculations were found to provide
reliable predictions of standard enthalpies and singlet-triplet splittings in all possible isomers of didehy-
droazines, which (with a possible exception of 2,6-didehydropyridine) possess singlet ground states {3].
Singlet didehydroazines with larger numbers of nitrogen atoms turned out to be more prone to ring open-
ing, as indicated by the fact that out of the 6, 11, 6, and 3 possible didehydropyridines, didehydrodiazines,
didehydrotriazines, and didehydrotetrazines,respectively, 5, 7, 2, and none were actually found. Immedi-
ate proximity of the nitrogen atom to the formally triple carbon-carbon bond confers decreased thermody-
namic stabilities and smaller singlet-triplet plittings on the species of the 1,2-didehydro type. Some of the
aza-analogs of singlet 1,3-didehydrobenzene are as stable as their 1,2-didehydro counterparts. The only
existing aza-analog of singlet 1,4-didehydrobenzene is 2,5-didehydropyrazine, which is particularly stable
and possesses a large singlet-triplet splitting, making it a feasible synthetic target. Our calculations indi-
cated that the experimental standard enthalpies of formation of pyrimidine and pyrazine are in error.

2. Test G3 calculations on 2,3-didehydronaphthalene confirmed the reliability of the additive correction
scheme in the prediction of properties of annelated analogs of [,2-didehydrobenzene. Such a scheme
opens an avenue to facile electronic structure calculations on didehydrogenation reactions of polycon-
densed heterocyclic compounds with six-membered rings [4].
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3. B3LYP/6-311G* electronic structure calculations revealed that the dependence of the complexation
energy Eompi(z) on the longitudinal displacement z of the guest in endohedral complexes of the Na” cation
with capped [5,5] armchair single-walled carbon nanotubes stems from an interplay between the polariza-
tion of the host by the electric field of the guest and the guest-host steric repulsion [6]. Overall, Ecqpi(2) is
characterized by the presence of a periodic pattern of local minima and maxima that reflect the discrete
nature of the tube and of a pair of global minima located at fixed distances from the tube termini. Because
of the large barrier height to zero-point energy ratio, the endohedral motion of the Na™ cation at T = 0 [K]
is largely confined to a surface that internally follows the contour of the tube. Vibrations perpendicular to
the surface give rise to transitions in the vicinity of 100 [cm™'], whereas the unimpeded motions within the
surface result in a plethora of transitions with onsets as low as 0.1 [cm™].

4. Analysis of the HF/6-31G** and B3LYP/6-311G** relative energies of 25 unbranched catacondensed
benzenoid hydrocarbons with six rings revealed a well-pronounced dependence of their thermodynamic
stabilities on the presence of simple structural motifs [7]. In particular, the energy contribution due to
-steric overcrowding is proportional to the number of pairs of adjacent angular annelations of the same
helicity, whereas the contribution due to conjugation effects is related to the number and mutual position
of linear annelations. Although the arrangement of linear annelations also uniquely determines the num-
ber of Kekulé structures, the latter does not correlate directly with the non-steric energy component. This
study also demonstrated the uselessness of the simple additive nodal increment model in accurate predic-
tion of thermodynamic stabilities of PAHs.

5. In a continuing effort to design new electronic structure methods, a model system of three electrons in
a harmonic oscillator potential was thoroughly investigated [11].

Future plans

1. The Wellington mechanism of chlorine/hydrogen elimination. The completion of the reactions that
lead from elementary sulfur and alkenes, alkynes, or their chloro-derivatives to (chloro) thiophenes re-

" quires elimination of hydrogen/chlorine from the 2 and 5 positions of the thiophene ring. Since no evolu-
tion of H,S is observed in such transformations, a free-radical mechanism is unlikely in this case. On the
other hand, the concerted elimination that is operational in the well-known unimolecular decompositions
of 2,5-dihydroheterocycles to their parent species and H, may be involved. In order to either confirm or
discard this possibility, electronic structure calculations on the relevant Wellington eliminations are being
carried out. In the case of unsubstituted species, the computed activation enthalpies will be compared with
the experimental values of 54.8, 44.6, and 48.5 [kcal/mol] for the S, NH, and 0 heteroatoms, respectively. '
Stereochemistry of the reaction will be established and the preferential elimination of H; over CH, in 2-
methyl-2,5-dihydrofuran will be explained.

2. Thermochemistry and Kkinetics of rearrangements of azynes to aza analogs of cyclopenta-
dienylidenecarbene. The electronic factors affecting the barriers and energetics of these rearrangements
are being investigated by analyzing the data produced by G3 and CCSD(T) calculations on didehydroazi-
nes and the respective carbene isomers. Stabilities of the latter species with respect to fragmentation are
being assessed.

3. The mechanism of thermal decomposition of quinoline and isoquinoline. Pyrolysis of quinoline
and isoquinoline produces a large number of products that arise from fragmentation of both the benzene
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and pyridine moieties. The decomposition pathways of these two species appear to share several interme-
diates, the most important of which is the 1 -indeneimine radical. The following issues concerning these
reactions are being addressed: ‘

a) The positional dependence of the energetics of the C-H bond scissions in quinoline and isoquinoline
are being studied. Electronic factors affecting stabilities of the resulting radicals are being determined.

b) Kinetic and thermodynamic viabilities of various fragmentation patterns of the quinydyl and isoquiny-
dyl radicals are being evaluated. Possible equilibration among the radicals and/or their fragmentation
products is being studied.

c) The viability of the conjectured equilibria among the intermediates involved in these reactions are be-
ing investigated.

The aforedescribed theoretical work will furnish a wealth of data of importance to experimental research.
Kinetic models of thermal decompositions of nitrogen-containing heterocyclic compounds will be veri-
fied and corrected/augmented if necessary. Mechanistic hypotheses for several reactions will be either
proved or rejected, advancing the knowledge of pyrolytic processes.
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[1]  J.Cioslowski, A.Szarecka, and D.Moncrieff; Mol.Phys. 100 (2002) 1559; Conformations and
Thermodynamic Properties of Sulfur Homocycles: 1. The Fluxional Sg* Radical Cation

(2] J.Cioslowski, A.Szarecka, and D.Moncrieff; Int.J.Quant.Chem. 90 (2002) 1049; Conformations
of the Ss" and S¢” Homocyclic Radical Cations

[3] J.Cioslowski, A.Szarecka, and D.Moncrieff, Mol.Phys. 101 (2003) 839; Energetics, Electronic
Structures, and Geometries of Didehydroazines

[4] J.Cioslowski, A.Szarecka, and D.Moncrieff; Mol.Phys. 101 (2003) 1221; Energetics, Electronic
Structures, and Geometries of Naphthalene, Quinoline, and Isoquinoline Analogs of 1,2-
Didehydrobenzene

[51 J.Cioslowski, N.Rao, and D.Moncrieft; J.Amer.Chem.Soc. 124 (2002) 8485, Electronic Struc-
tures and Energetics of [5,5] and [9,0] Single-Walled Carbon Nanotubes

[6]  J.Cioslowski, N.Rao, K.Pernal, and D.Moncrieff; J.Chem.Phys. 118 (2003) 4456; Endohedral
Motions Inside Capped Single-Walled Nanotubes

[7]  J.Cioslowski and J.C.Dobrowolski; Chem.Phys. Letters 371 (2003) 317; Structural Dependence
of Thermodynamic Stability of Unbranched Catacondensed Benzenoid Hydrocarbons

[8] J.Cioslowski and K.Pernal; J.Chem.Phys. 116 (2002) 4802; Density Matrix Theory of Weak In-
termolecular Interactions

[9] J.Cioslowski, K.Pernal, and P.Ziesche; J.Chem.Phys. 117 (2002) 9560; Systematic Construction
of Approximate 1-Matrix Functionals for the Electron-Electron Repulsion Energy

[10] J.Cioslowski and K.Pernal; J.Chem.Phys. 117 (2002) 67; Variational Density Matrix Functional
Theory Calculations with the Lowest-Order Yasuda Functional

[11] M.Taut, K.Pernal, J.Cioslowski, and V.Staemmler; J.Chem.Phys. 118 (2003) 4861; Three Elec-
trons in a Harmonic Oscillator Potential: Pairs vs. Single Particles

43



Dynamics and Energetics of Elementary Combustion Reactions and Transient Species
Grant DE-FG03-98ER14879

Robert E. Continetti
Department of Chemistry and Biochemistry
University of California San Diego
9500 Gilman Drive
La Jolla, CA 92093-0340
April 12, 2004

Program Scope and Direction

This research program uses photodetachment and dissociative photodetachment of
negative ions to carry out studies of the energetics and dynamics of combustion-relevant radicals
and the transition state dynamics of hydroxyl radical reactions. Negative ion photodetachment
allows the preparation of both stable radical species and unstable neutral complexes in the
vicinity of the transition state for bimolecular reactions. The energetics and spectroscopy of these
species can be probed using the well-established method of photodetachment photoelectron
spectroscopy, and uniquely in our laboratory, the subsequent dissociation dynamics of unstable
neutrals can be determined using photoelectron-photofragment coincidence spectroscopy.

The studies of radicals in the last year have focused on oxygenated organic radicals. A
study of the branching between a minor channel yielding stable acetyloxyl radicals and the
dissociative photodetachment to CH3; + CO; + € has been completed and submitted for
publication. Complementary experiments on progressively larger carboxylate anions, to illustrate
the probable trend towards more stable radicals as size increases, are planned in the near future.
In addition, experiments on the photodetachment of alkynoxide and substituted acetylide species
have been completed and should be submitted for publication in the near future. In the last year a
significant effort to demonstrate vacuum ultraviolet (VUV) photodetachment of negative ions
was made, however, this has not yielded results as of the date of this report. If this experiment is
successful, it will enable studies of higher excited states of hydrocarbon radicals and other
species than has been possible previously using the photoelectron-photofragment coincidence
technique. . .

The transition state dynamics of hydroxyl radical reactions continues to be an important
focus of this research program. Following previous work on the OH + OH, OH + H;0 and OH +
CO reactions, we have obtained results on the O + HF reaction at a photon energy of 4.80 ¢V.
Given the large electron affinity of this system ( = 3.3 eV), only the three lowest HF vibrational
states are accessible at this wavelength, and there is not enough energy available to reach the OH
+ F channel. Nonetheless, given the previous studies of this system,' including theoretical studies
of the dissociative photodetachment of OHF™ by Dixon and Tachikawa,’ this is an important
system for studying in the present effort to characterize hydroxyl radical reactions. To complete
our studies of triatomic hydroxyl radicals, we have also made efforts to develop an ion source
capable of generating intense beams of OHCI" and OH-H;" at the kHz repetition rates required in
the coincidence experiment to permit studies of the OH + Cl and OH + H, reactions,
respectively. These efforts have yet to be successful, however. Currently we are working on
synthesis of the OH(CH3) anion to prepare the OH + CHj reaction transition state. These efforts,
including a study of the deuterated DOCO" anion to follow up our earlier studies of HOCO", will
continue through the end of this grant.
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Recent Progress
1. Energetics and Dynamics of Oxygenated Organic Radicals

1.1. Dissociative Photodetachment of the Acetate Anion: Energetics and Stability of the
Acetyloxyl Radical

Oxygenated organic radicals are important combustion intermediates and also have a
significant role in other applications in chemistry. Carboxylate anions and carboxyl radicals, for
example, play an important role synthetically in decarboxylation reactions. Expanding on our
previous studies of HCO, we have carried out a study of the acetyloxyl radical, CH3CO,, by
photodetachment of the acetate anton at 355, 340 and 258 nm. These experiments have shown
that at all of these wavelengths, = 90% of the nascent radicals dissociate to CH; + CO; radicals,
with a large kinetic energy release, peaking at Er = 0.65 eV for 355 nm excitation. The EA of the
CH;CO,, radical 1s found to be 3.47 eV, yielding a near-threshold photoelectron spectrum in the
355 nm data with two resolved features. Deuteration yields a nearly identical photoelectron
spectrum, indicating that the observed features do not involve C-H excitation, and suggesting
that these features correspond to two low-lying electronic states of this radical. The 258 nm data
reveals evidence for two higher-lying electronic states, consistent with the complicated electronic
structure predicted for this free radical. The next step in this project is to study the energetics and
stability of slightly larger carboxyl radicals by photodetachment of species including the
propanoate (CH3CH,CO;") and benzoate (CsHsCO,") anions.

1.2. Photodetachment Imaging of Alkynoxides and Substituted Acetylides

In the last year we completed our initial studies of alkynoxides, substituted acetylides and the
corresponding neutral free radicals. In these systems, no dissociative photodetachment was
observed, so the experiments focus on photodetachment imaging studies of the photoelectron
spectra for propynoxide, the butynoxides and 4-pentyn-1-oxide. Generation of anions both by
proton abstraction from the corresponding alcohol with O and by electron impact on the
corresponding nitrite precursors has allowed us to prepare only the alkynoxide species, or, when
the ethynyl moiety is terminal in the carbon chain, the substituted acetylides as well. We find that
the electron affinities of the alkynoxide radicals are ~ 2 eV, while the acetylides have electron
affinities of ~ 3.2 eV. Two manuscripts describing these experiments are currently in
preparation, one focusing on the propynoxide and butynoxide species, and the second one
focusing on substituent effects on the gas-phase acidity of the alkynol precursors.

1.3. YUV Photodetachment

In the past year we have made two attempts to demonstrate photodetachment of negative 1ons
with VUV radiation, but have not been successful yet. The combination of the relatively low
peak power available from our 1 kHz regenerative amgliﬁer (120 mW at 386 nm in a 1.8 ps
pulse) and the low anion number densities (10° — 10° cm™) of course make this a difficult
experiment. The proof of principle experiments have focused on Br  and I atomic anions,
however we have yet to demonstrate spatio-temporal overlap of the atomic and VUV beams. The
ultimate goal of this effort is to study the energetics and dissociative excited states of a number
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of small hydrocarbon radicals, including vinylidene, allyl and cyclopentadienyl radicals by
photodetachment of the corresponding anions.

2. Transition State Dynamics of Hydroxyl Radical Reactions
2.1. Probing the O + HF reaction by dissociative photodetachment of OHF"

The O + HF — OH + F reaction is another simple bimolecular reaction involving the
hydroxyl radical, providing another benchmark system for study by dissociative
photodetachment of the OHF” anion. Neumark and co-workers' and have previously studied this
system by photoelectron spectroscopy, and Dixon and Tachikawa’ have followed up these
experiments by carrying out wavepacket dynamics calculations on this system. One aspect of this
experiment that makes it more difficult for us to study is the high electron affinity (3.3 eV), and
the significant endothermicity of the OH + F reaction channel. In our experiments on the DPD of
OHF at 258 nm, we cannot access the OH + F channel, and only access the three lowest
vibrational states of HF. The results obtained at 258 nm do reveal some vibrationally resolved
structure in the correlated photoelectron-photofragment kinetic energy spectra, indicating that
photodetachment to a repulsive region of the surface in the vicinity of the transition state is
occurring. To extend this study to OH + F exit channel as well will require higher energy
photons, potentially either the VUV source discussed above or by anti-Stokes Raman shifting in
H. '

2.2. Probing the transition state for the OH + CHj; radical-radical reaction by
photodetachment of the OH (CH3) complex

Recently Johnson and co-workers have characterized the OH'(CH3) radical using
- infrared spectroscopy, revealing that it is best described as a hydroxide anion interacting with a
methyl radical.’ We have been working on producing this anion in significant quantities in a new
source involving the interaction of a beam of O™ produced in a pulsed discharge of N,O with a
secondary beam of CHs. If these experiments yield results, we will gain insights into the
dynamics of the radical-radical reaction OH + CHj. It is hoped that by the time of the
contractor's meeting, interesting new results on this system will be available.

2.3. Continued efforts on other hydroxyl radical systems

- In the final months of the current grant we also hope to revisit our earlier study of the
HOCO" anion by forming the deuterated DOCO" species. This anion can be synthesized by the
reaction of OH" or OH with CO in the supersonic expansion, however, this will be rather
expensive since CD4/N,0O gas mixtures are required. We have obtained some CDy, however, so
we will carry out this study in the near future. The OH + H; reaction remains of considerable
interest. In the case of DPD of the OH(H,;) complex, this is a system for which the
photoelectron-photofragment coincidence (PPC) experiment has already been predicted by Mick
Collins and co-workers.* Thus, this remains a high priority. The O + HCI reaction, beginning
with the O'(HCI1) precursor is also a system of great interest owing to the detailed potential
energy surfaces available for this species. We have had difficulty making either one of these
anions in our 1 kHz or continuous ion sources in the densities required to carmry out the PPC
experiment '
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Flame Sampling Photoionization Mass Spectrometry

Terrill A. Cool v
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Project Scope

Direct measurements of the absolute concentrations of combustion intermediates in -
carefully controlled and documented laboratory flames are required for the development
of kinetic models for the combustion of ethylene, ethane, propene, propane, ethanol,
propanol, and higher hydrocarbons. These models are used in current efforts to
minimize environmental pollution associated with hydrocarbon combustion.

Time-of-flight molecular beam photoionization mass spectrometry (PIMS), applied to the
selective detection of flame species is a powerful new approach for studies of flame
chemistry [1]. Measurements of the absolute concentrations of flame species are
possible with PIMS when species photoionization cross sections are known [1-3]. A
flame-sampling time-of-flight mass spectrometer (TOFMS), recently designed and
constructed for use with a synchrotron radiation light source [1] [LBNL Advanced Light
Source (ALS)] provides significant improvements over previous facilities that have
employed tunable VUV laser sources. These include superior signal-to-noise, soft
ionization, and photon energies readily tunable over the 8 to 17 eV range required for
comprehensive flame species concentration measurements.

The new instrument is routinely used for measurements of concentration profiles and
photoionization efficiency (PIE) curves for species sampled from well-characterized low-
pressure laminar flames. Both stable and radical intermediates are detectable at mole
fractions as low as 10°. Individual isomeric species may often be selectively detected
and identified; this is one of the most important advantages of VUV PIMS. The work
described here is part of a collaborative effort between investigators at Cornell, the
Sandia Combustion Research Facility, and the University of Massachusetts. A further
description of recent achievements of this collaboration appears in Craig Taatjes’
abstract.

Recent Progress

Flame studies: Species mole fraction profiles, temperature profiles and species PIE
curves were measured for several reaction systems to. assist in kinetic model
development. Complete data sets were obtained for each system for both stoichiometric
and fuel-rich conditions. The flame systems studies were:

e propane/oxygen/argon

« ethane/oxygen/argon
¢ ethylene/oxygen/argon
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e allene-doped ethylene/oxygen/argon

e ethanol/oxygen/argon

e n-propanol/oxygen/argon

e isopropanol/oxygen/argon

e hydrogen/oxygen/argon

e glyoxal/hydrogen/oxygen/argon

e formic acid/hydrogen/oxygen/argon

o glyoxal/hydrogen/nitrogen dioxide/oxygen/argon

o formic acid/hydrogen/nitrogen dioxide/oxygen/argon

Work currently in progress includes a comparison of the results for the ethylene,
propane, propene, and ethanol systems with kinetic modeling calculations.

Measurement of absolute photoionization cross sections for reaction
intermediates: Knowledge of absolute cross sections for photoionization is required for
measurements of flame species mole fractions. In our work we measure
photoionization cross sections for "target" species by comparing ion signals recorded
from a binary mixture of the target with a "standard" species of known photoionization
cross section. We have completed cross section measurements for 10 key reaction
intermediates found in the combustion of simple hydrocarbons. Preliminary
measurements for 10 more intermediates are available; final measurements will be
completed during the upcoming June-July ALS beam cycle.
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Fig. 1. Photoionization cross sections for diacetylene Fig. 2. Photoionization Efficiency for trans-HONO

Highlighted in Fig. 1 are absolute cross section measurements for diacetylene. Both
absorption and photoelectron spectroscopy have been used to study the spectrum of
diacetylene in the region between the first (10.17 eV) and second (12.62 eV) ionization
potentials. The vacuum ultraviolet spectrum of diacetylene was first recorded by Price
and Walsh [4], and later by Smith [5]. No previous studies of photoionization efficiency
have been undertaken. The cross section data of Fig. 1 show the adiabatic ionization
threshold at 10.17 eV and the origin band of an autoionizing resonance at 11.19 eV.
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The step at 10.43 eV arises from excitation of the v, C=C (2177 cm™) symmetric

stretch of the C4Hy" ground state. The origin band at 11.19 eV (90250 c¢cm™) is
accompanied by the first two members of a progression with a vibrational spacing of 0.1
eV (807 cm™). This spacing is identical to the frequency of the vs C-C symmetric

vibration of the A[1, state (second ionization potential) of the ion [6,7], which suggests
that these bands are vibronic components of an autoionized member of a Rydberg
series leading to the A%, state.

The photoionization efficiency of HONO: Nitrous acid, HONO, is an important
chemical reaction intermediate in the combustion of solid propellants. Both NO, and
HONO play key roles in the ignition and combustion of the nitramine-based propellants
HMX and RDX and propellant formulations containing the nitrate esters nitroglycerine
and nitrocellulose. Despite the well-studied roles of HONO in combustion and
atmospheric chemistry, the ionization energy of HONO has, until now, never been
directly measured. As a result the currently accepted heat of formation for the trans-
HONO cation is based primarily on bracketing measurements of proton-transfer
reactions [8,9] that yield indirect estimates of the proton affinity of NO».

Our measurements of the near-threshold ionization efficiency (PIE) of trans-HONO are
presented in Fig. 2. These data were obtained using molecular beam sampling to
observe the spatial profiles of HONO and NO; very near the burner face of a low
pressure (20 Torr) premixed NO,/Oz/H,/Ar flame.

In order to analyze the shape of the PIE curve near threshold, Franck-Condon factors
were calculated for the photoionization of frans- HONO by Craig Taatjes and David
Osborn. The calculations were based on force constant matrices and frequencies for
both neutral and cationic trans-HONO calculated at the B3LYP/6-311++G(3df,2pd) level
using the Gaussian98 quantum chemistry suite. The results are in agreement with the
B3LYP/6-311++G(3df,2pd) calculations reported by Sengupta et al.[10]. A PIE spectrum
was simulated using a Franck-Condon envelope calculated with a 400 K thermal
population among initial states, convolved with a Gaussian photon energy distribution
with a 40 meV FWHM corresponding to our measured energy resolution. The resuit
(solid curve) is compared with the experimental PIE measurements (dark circles) in Fig.
2. The solid curve represents the best fit between experiment and calculation using the
adiabatic ionization energy as a variable parameter. The fitting yields IE=10.97+ 0.03
eV. Recent ab initio calculations of 10.86 eV (DFT) and 10.98 eV (G2) [10] are in
excellent agreement with the present experimental value. Our IE value, combined with
the known heat of formation of frans-HONO (-78.83+1.34 kJ mol™)[11] yields AHOf,zggK
(HONO*) = 979.6+3.2 kJ mol™, and a derived value for the proton affinity of NO,
PA(NO,) = 583.5+3.3 kJ mol”. These values are in good agreement with respective
values of 977 kJ mol™ and 585.8£8.4 kJ mol™ based on the bracketing measurements.
The present measurement provides a direct benchmark for the thermochemistry of the
HONO cation, and the results are consistent with existing thermochemical estimates for
HONO and NO:..
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Future Directions

Of particular interest will be continuing studies of the chemistry of the formation and
destruction of ethenol (vinyl alcohol) a novel combustion intermediate, detected for the
first time in our recent studies of fuel-rich ethylene/oxygen flames [1]. The ethenol and
acetaldehyde isomers of C;H4sO (m/e=44) are easily distinguished with VUV PIMS
because of their differing ionization energies (9.33 and 10.23 eV, respectively). We find
that the fraction of the m/e=44 ion signal attributable to ethenol increases monotonically
from about 10% in the preheat zone to greater than 60% near the end of the primary
flame zone where both isomers are consumed. Ethenol is also observed in significant
concentrations in ethanol, propanol and 1,3-butadiene flames. Formation mechanisms
under consideration are sequential H-atom abstraction from ethanol and reactive
decomposition of the HO+CsH4 adduct formed by the addition of OH to ethylene at the
C=C double bond [12].

A collaborative kinetic modeling effort will be pursued in analysis of extensive data
accumulated on the several hydrocarbon flames studied in the past two beam cycles at
the ALS. We will also initiate new studies of several fuel-rich hydrocarbon and
oxygenated hydrocarbon flames directed toward a better understanding of reaction
mechanisms leading to the formation of polycyclic aromatic pollutants.  Finally,
measurements of absolute photoionization cross sections will be continued for many
additional reaction intermediates of importance in hydrocarbon combustion.
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Our research investigates the chemistry of vibrationally excited molecules. The properties and reac-
tivity of vibrationally energized molecules are central to processes occurring in environments as di-
verse as combustion, atmospheric reactions, and plasmas and are at the heart of many chemical reac-
tions. The goal of our work is to unravel the behavior of vibrationally excited molecules and to ex-
ploit the resulting understanding to determine molecular properties and to control chemical proc-
esses. A unifying theme is the preparation of a molecule in a specific vibrational state using one of
several excitation techniques and the subsequent photodissociation of that prepared molecule. Be-
cause the initial vibrational excitation often alters the photodissociation process, we refer to our
double resonance photodissociation scheme as vibrationally mediated photodissociation. In the first
step, fundamental or overtone excitation prepares a vibrationally excited molecule and a second pho-
ton, the photolysis photon, excites the molecule to an electronically excited state. Vibrationally me-
diated photodissociation provides new vibrational spectroscopy, measures bond strengths with high
accuracy, alters dissociation dynamics, and reveals the properties of and couplings among electroni-
cally excited states. :

Several recent measurements illustrate the scope of the approach and point to new directions. We
have completed an extensive study the spectroscopy and non-adiabatic dissociation dynamics of
ammonia (NH;) and have new results on the vibrationally mediated photodissociation of methanol
(CH,;0H). In each case, the goals are understanding and exploiting vibrations in the ground electronic
state, studying the vibrational structure of the electronically excited molecule, and probing and con-
trolling the dissociation dynamics of the excited state.

Ammonia (NH;)

Ammonia is a famously well-studied molecule that holds interesting opportunities for vibrationally
mediated photodissociation experiments because it has both a nonadiabatic dissociation to yield
ground state NH, + H and an adiabatic dissociation to form excited state NH,* + H. We have used
vibrationally mediated photodissociation spectroscopy to observe the symmetric N-H stretching vi-
bration (v,), the antisymmetric N-H stretching vibration (v;), and the first overtone of the bending
vibration (2v,), obtaining simplified spectra originating in the lowest few rotational states. In addi-
tion, we have observed combination bands with the umbrella vibration (v,) for each of these states,
(v,+vy), (vo+vs), and (v,+2v,). The action spectra come from observing the production of the ex-
cited state NH,* from photolysis well above the threshold energy for its formation. We observe the
first hint of the effect of vibrational excitation on the dissociation dynamics in these experiments,
finding that the relative yield of excited products is lower for photodissociation of molecules con-
taining a quantum of the symmetric stretching vibration in the ground state compared to those with
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antisymmetric stretching or bending excitation. This differential dissociation disappears completely
upon addition of a quantum of the umbrella vibration in the ground state.

The electronic spectroscopy available through vibrationally mediated photodissociation is particu-
larly informative. Because the initial vibrational excitation of NH; molecules cooled in a supersonic
expansion selects single rotational states of vibrationally excited molecules, both the Franck-Condon
factors and positions of the transitions change from the one-photon spectra. By using this extra di-
mension, we are able for the first time to identify unambiguously the progression in the excited state
bending vibration (v,), the combination bands between the bending and excited state umbrella vibra-
tion (v,+v,), and the origin of the excited state symmetric stretch vibration (v,). The resulting new
harmonic frequencies and anharmonicities are w,” = 881+12 em™, x,, = 6£2 cm™, w,” = 910423 cm’
' xgs=9%6 cm’, g44 = 16£7 cm’, and x,, = 56+13 cm™. The values for the umbrella vibration (v2)
agree well with those previously determined by Vaida, and the large off-diagonal anharmonicity be-
tween the umbrella and bending vibrations is consistent with their near degeneracy, which prevented
the direct observation of v, in the past. Our necessarily less precise estimate of the origin of the
broad excited state symmetric stretch vibration (v,) is w,° = 2360 cm™

Information about the excited state structure makes it possible to investigate the dynamics of the
dissociation of electronically excited molecules with different vibrations excited. The experiments
use resonant enhanced multiphoton ionization to performm Doppler spectroscopy on the H atom
fragment. In agreement with previous measurements, we observe both slow and fast components in
the distribution of recoil velocities upon excitation of different excited state umbrella vibrations. The
excited state bending vibrations behave similarly with a slightly larger fraction of fast hydrogen at-
oms. The dramatic different is in the stretching vibrations, which we can excite unambiguously for
the first time. Dissociation from the state containing one quantum of symmetric stretch (v;) pro-
duces a distribution with both fast and slow components that are similar to that for the origin. Disso-
ciation from the antisymmetric N-H stretch state (v;), however, produces dramatically different re-
sults. It forms only slow hydrogen atoms, likely reflecting preferential decomposition to make solely
the excited state product. New calculations by D. Yarkony (private communication) seem consistent
with molecules having excited asymmetric N-H stretching vibrations preferentially remaining on the
excited state surface, avoiding the conical intersection.

Methanol (CH;0H)

Our first explorations of the vibrationally mediated photodissociation of methanol allowed us to ob-
tain spectra of the second and third overtone of the O-H stretching vibration in the cooled molecules
that agreed well with other measurements. We have also obtained similar spectra in the fundamental
region of the O-H stretch and made the first measurements of the vibrationally mediated photodisso-
ciation dynamics detecting the H-atom product in order to obtain the ultraviolet spectra of the vibra-
tionally excited molecules. The electronic excitation spectrum of vibrationally excited methanol be-
gins about 2600 ¢cm™ lower in total excitation energy than that for ground vibrational state metha-
nol. A simple model using a one-dimensional vibrational wavefunction mapped onto a dissociative
excited electronic state surface recovers the qualitative features of the spectrum. Using ab initio cal-
culations of portions of the ground and excited potential energy surfaces, we calculate vibrational
wavefunctions and simulate the electronic excitation spectra using the overlap integral for the bound
and dissociative vibrational wavefunctions on the two surfaces. The qualitative agreement of the cal-
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culation with the measurement suggests that, at the energy of the fundamental vibration, the O- H
stretch is largely uncoupled from the rest of the molecule during the dissociation.

FUTURE DIRECTIONS

The two near term goals of the project are to study of the dissociation of vibrationally excited
methanol and its dimers. Both studies are likely to involve the addition of ion imaging capabilities to
our apparatus. Jon imaging detection will also allow a more incisive study of the striking result on
vibrational control of the passage through the conical intersection in ammonia. The subsequent step
is to investigate the dimers of other well characterized systems to determine how simple complexa-
tion influences these well-understood dissociation dynamics.
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PROGRAM SCOPE

This research is directed at the detection, monitoring, and study of the chemical kinetic
behavior by infrared absorption spectroscopy of small free radical species thought to be
important intermediates in combustion. In the last year, work on the reaction of OH with
acetaldehyde has been completed and published. In the course of our investigation of branching
ratios of the reactions of O(lD) with acetaldehyde and methane, we discovered that hot atom
chemistry effects are not negligible at the gas pressures (13 Torr) initially used. Branching
ratios of the reaction of O('D) with CH, have been measured at a tenfold higher He flow and
fivefold higher pressure. The measurements of branching ratios in the reaction of O(1D) with
acetaldehyde must now be measured under the higher pressure condition.

PRODUCT YIELDS IN THE REACTION OF OH WITH ACETALDEHYDE

The reaction of OH with acetaldehyde in the gas phase has been studied by tunable
infrared laser kinetic spectroscopy. As expected the main channel is the production of water
(~100%). An upper bound of 5% was placed on the yield of CH,, and the yield of H is estimated
as 5+5%. A rate constant of 1.67(10)x10™"" molecules™ cm?® s™! is obtained for the title reaction in
good agreement with previous measurements. The major product of the reaction, CH,CO, reacts
with O, producing CH,, CO, and O, in one channel with a rate constant of 1.4(5)x10™"'
molecules'em’ s and producing CH,CO, and O, in the other channel with a rate constant of
3.3(5)x10™"" molecules™ cm® s™. Thus the reaction between OH and acetaldehyde is primarily an
H atom abstraction. Any contribution at room temperature from addition channels is small.

HOT ATOM EFFECTS IN O('D) REACTIONS

After beginning work with O('D) in its reaction with acetaldehyde, we decided that we
needed to develop our understanding of the application of our infrared kinetic spectroscopy
approach to O('D) reactions. Our primary interest is in the determination of branching ratios,
but we do have the capability of measuring relative rates by competition for O('D). A good test
for our procedures was to measure the rate constant of O('D) + H, (reaction 1) relative to O('D)
+ N, O (reaction 2). The expected OH absorbance (base e) upon photolysis of a mixture of H,
and N,O with a small amount of NO added to relax vibrationally excited OH can be expressed

as
k [H)] -
AOR) = oL L TH T+ K,[N,0] + k,[NO] L O D],
where o is the OH absorption cross-section, L is the pathlength, and the other quantities are
rate constants and concentrations. This can be rearranged to
1 1 ( K,[N,O] + K,[NOJ |
A(OH) = oL{Oo(D)], \! * K, (H,1")
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Thus if 1/A(OH) is plotted vs 1/[H,], a straight line is expected with the ratio of the slope to
intercept being k,[N,OJ/k,. Figure 1a shows such a Stern-Volmer plot in a system where the
partial pressure of N,O is 362.8 mTorr and the partial pressure of the helium buffer gas is 12
Torr. The straight line on this graph is the best fit to the data adjusting only the quantity
oL[O('D)], with k, and k, fixed to the literature values of 1.1x10"'* and 1.15x10"° cm’sec™
respectively. Clearly the data of Fig. 1a strongly disagrees with the ratio of the accepted rate
constants.

It occurred to us that the disagreement might be the result of hot atom chemistry. The
photolysis of N,O at 193 nm can produce O('D) with a maximum translational energy of 166
kJ/mol. We estimate using a hard sphere collision model a fractional translational energy loss
per collision with He of about 1/3. As many as one in ten collisions will be with H, at the
highest H, pressures used so that some effects caused by translationally hot O('D) seem quite
possible. Fig 1b shows a Stern-Volmer plot of the same system with the helium flow rate raised
tenfold with the flow rates of the reagents fixed. The agreement with the literature results is
excellent.

BRANCHING IN THE REACTION OF O('D) WITH METHANE

Since our methodology had not been previously tested, we decided to study a reaction
system, O('D) + CH,, which had been studied by several previous investigators using different
methods. Even this simple reaction has several open channels:

O('D) + CH, — CH, + OH AH=-179kJ/mol (12
- CH,0H + H AH=-172kJ/mol (1b)
— CH,0 + H AH=-128kJ/mol (1c)
— H,CO + H, AH=-473kJ/mol (1d)
— H,CO + 2H AH=-37kJ/mol (e)
— 'CH, + H,0 AH=-176kJ/mol. (1f)

With regard to the branching ratios, the recent JPL compilation' summarizes previous work
and lists channel (1a) as-75+15%, (1b)+(1c).as 20+7% and (1d) as 5+5% and is silent
concerning channels (1e) and (1f). '

To measure the branching into channel (1a), we divide the intercept of the Stern-
Volmer plot of the OH absorbance from O('D) + H, by the intercept of the Stern-Volmer
plot of the OH absorbance from O('D) + CH, and obtain 70% for channel 1a. To measure
the sum of channels (1d)+(1e), we compare the formaldehyde absorbance to the OH
absorbance under the same conditions

(1d)+(1le) oH,CO) S(H,CO)

(lay = o(OH) S(OH)
using the HITRAN integrated absorption cross-section and the measured linewidths at the
elevated He pressure of 66 Torr to calculate the o’s. The resulting total fraction into
(1d)+(1e) is 6+2%.

To our knowledge, channel (1f) has never been observed previously. We observed that
when N, O is photolyzed in the presence of a mixture of CH, and CD, infrared absorptions of
H,O and D, 0O, but not of HDO appear. This is compelling evidence for channel (1f). Because
of H,O background absorptions, measuring this yield for the normal system does not seem
feasible. We measure the branching ratio into (1f) by dividing the D, O signal in the N,O and
CD, system (at high pressures of CD,) by the D, O signal obtained with the same partial
pressure of N,O in a system flooded with D, containing sufficient CD,CDO to convert all the
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OD produced by O('D) + D, — OD + D is converted into D,O through reaction with
CD,CDO (see the first section). This gives the branching into (1f) for the D system of 7+2%.

To measure the sum (1c) + (1d) + 2(le), we determine the total OH yield with NO, as
the source of O('D) using the same Stern-Volmer intercept approach making use of the reactions

O('D) + H,—- OH+H 2)
H + NO, - OH + NO . 3
to obtain

2*(SV tercept of OH from H.,)
(1a) + (1b) + (1c) + 2(1e) = SV intercept from CH,

The sum (1a) + (1b) + (1c) + 2(1le) resulting is about 98+10%.

Summarizing all our measurements, we have (la)+(1d)+(1e)+(1f) = 83% from direct
measurements assuming that the D,0O yield of 7% for (1f) is applicable to the H,O system.
Assuming no other channels are present, (1b)+(1c)=17%. Substituting this last result together
with (1a)=70%, we have 2(1e)=(98-70-17)%=11% or (1¢)=5.5%. Since (1d)+(le) = 6%, we
conclude that we can account for all the observations without a need for (1d), i.e. the production
of H,, but (1le) is definitely needed. Because the uncertainties are large, whether (1d) is actually
absent is unclear.

A final interesting observation is that the yield of CH,O when NO, is photolyzed to
produce O('D) is three times higher than obtained when N, O is photolyzed with the extra CH,O
being produced at longer reaction times (10-100 psec). We have verified reports that the
reaction of CH,O with NO, produces some, but not very much CH,O (probably less than 10%
of the total CH,O); apparently an adduct of NO, with CH,O is the major product. We believe
most of the additional CH, O results from the reaction of CH,OH with NO, suggesting that
(1b)>>(1c).

PRODUCT YIELDS IN THE REACTION OF O(!D) WITH ACETALDEHYDE

Last year we were involved in measuring the yields into the following reaction channels:
O('D) + CH,CHO~> CH, + CO, +H AH=-262.6 kJ/mol (2a)
- CH, + HCO, AH=-281.2 kJ/mol (2b)
- CH, + HOCO AH=-350.1 kJ/mol (2¢)
- CH,OH + HCO  AH=-261.8 kJ/mol (2d)
- CH,0 + HCO AH=-213.7 kJ/mol (2e)
- OH + CH,CO AH=-258.4 kJ/mol (21)
- CH, + CO, AH=-741.4 kJ/mol (2g)
- H+ CH,OHCO AH=? (2h)
At pressures of 13 Torr (mostly He buffer), we observed infrared absorption lines of CH,,
HCO, OH, CH, and CO, from this reaction, but were unable to observe any transient
absorption signals at the known frequencies of the strongest lines of the HOCO OH stretch
fundamental. We observed H indirectly through the NO, precursor method described above.
Our qualitative observations were that H is a major product and HCO, OH, CH, and CO, are
relatively minor products. Now that we have found that hot atom chemistry is significant at
13 Torr, we must redo these measurements at 66 Torr to quantify the reaction channels under
thermalized conditions. '
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FUTURE PLANS

We propose to measure the branching ratios of O('D) + CH,CHO at He buffer gas
pressures of >60 Torr in order to minimize hot atom effects.

Reference

1. Sander, S. P.; Friedl, R. R.; Golden, D. M.; Hampson, R. F.; Kurylo, M. J.; Huie, R.E;
Orkin, V.L.; Moortgat, G. K.; Ravishankara, A. R.; Kolb, C. E.; Molina, M. I.; Finlayson-
Pitts, B. J. “Chemical kinetics and photochemical data for use in stratospheric modeling.
Evaluation number 14,” JPL Publication, California Institute of Technology, 2002.
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Fig. 1. In Fig. 1a, F(He)=1000 sccm; P(He)=12 torr; F(N,0)=30 sccm; F(NO)=6 sccm;
F(H,)~10; 20; 35;50;75;100;150 sccm. The solid straight line assumes
k(H,)=1.1x10"% k(N,0)=1.15x10"°, k(NO)=0.6x10"" cm’s™'. The dashed line is the
best linear fit of the points. In Fig. 1b, F(He)=10000 sccm; P(He)=63.22 torr; the
other flows are essentially the same. The solid straight line assumes the rate constants
above. The best straight line through the points is indistinguishable from the model
line. ‘ v

Publications

1. “High-resolution infrared spectra of jet-cooled allyl radical (CH,-CH-CH,): vy, vs,
and v,4 C-H stretch vibrations,” J-X. Han, Yu. Utkin, H-B. Chen, N. T. Hunt, and R.
F. Curl, J. Chem. Phys. 116, 6505-6512 (2002).

2. “A kinetic study of the reaction of acetaldehyde with OH,” Jinjin Wang, Hongbing
Chen, Graham P. Glass and R. F. Curl, J. Phys. Chem. A. 107, 10834-10844 (2003).
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Spectroscopy and Dynamics of Vibrationally Excited Transient Radicals

Hai-Lung Dai
Department of Chemistry, University of Pennsylvania
Philadelphia, PA 19104-6323; dai@sas.upenn.edu

I. Introduction

With the goals of characterizing the spectroscopy and structure of unknown transient radicals that
are 1mportant in combustion processes, we have applied a newly developed approach based on
nanosecond time resolved Fourler Transform IR Emission Spectroscopy (TR-FTIRES) to the
investigating of several unknown radicals: deuterated-vinyl and OCCN, in addition to the previously
reported vinyl and cyanovinyl. The transient radical species is produced with high vibrational excitation
through UV photolysis of a precursor molecule. The IR emission from the highly excited species through
its IR active vibrational modes is detected with fast time resolution using the TR-FTIR technique. A new
two-dimensional cross-spectra correlation technique has been developed for analyzing the time-resolved
FTIR emission spectra. This analysis enables the common set of emission bands from the same target
radical in the emission spectra obtained using different precursors. The spectroscopic approach also
allows the reactions of the excited radical and the photolysis reaction of the precursor molecules to be
characterized. All these information are fundamentally important to the understanding of chemical
dynamics of radicals as well as the combustion processes. A brief description of the progress is presented
below.

II. Vibrational Bands of Vinyl-d; .

In 2000 we reported the detection of the fundamental transitions of all nine vibrational modes of
the vinyl radial, for which only one mode was reported previously. To confirm the assignment of the IR
emission bands from the vinyl radical, we have performed isotope substitution experiment. Comparing
the ratio of the experimentally observed frequencies for the deuterated and non-deuterated vinyl radical
with the theoretically predicted ratio allows the assignments to be examined. Deuterated vinyl bromide
was used a precursor for the production of the vinyl-d; radical. The photodissociation reaction of vinyl
bromide proceeds via two main channels and the IR emission peaks can be assigned to known frequencies
of the photofragments, acetylene-d;, DBr and Br*, in addition to peaks that are due to vinyl-d;. Four
bands are attributed to vinyl-d;. The most intense band is at 984 cm™ (CD bend). Peaks in the CD
stretching region at 2420 (CD stretch), 2346 (CD, asym. stretch) and 2264 (CD, sym. Stretch) cm™ also
have considerable intensity. The corresponding bands of the hydrogenated vinyl have all been identified.
The correlation between the bands from the deuterated vinyl with those from the non-deuterated vinyl is
established by a comparison of the peak shape, frequency and intensity. For instance, the most intense
feature in the non-deuterated vinyl spectrum at 1277 cm’™' corresponds to the most intense peak of vinyl-d;
that has shifted to 984 cm’".

II1. The v, and v, Vibrational Bands of The OCCN Radical

The vibrational modes of the small but important cyanooxomethyl radical, OCCN, in the
electronic ground state has, until this work, remained unreported despite the significant role of this radical
in the atmospheric medium. OCCN is an important dissociation product of many substituted carbonyls
with the general structure NC(CO)X, a class of carbonyl containing compounds that are major
constituents of urban atmospheric pollution related to motor vehicles.

The OCCN radical is produced through 193 nm photodissociation of carbonyl cyanide, CO(CN),,

pivaloyl cyanide, CO(CN)(CHs;)3, and methy! cyanoformate, CO(CN)(OCHj3;). The time resolved spectra
following photodissocaition of carbonyl cyanide is shown in Fig. 1. Since all three precursor molecules
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all result in OCCN as the only common product in their dissociation, their emission spectra should reveal
common features that can be assigned to OCCN. Fig. 2 shows the emission spectra from the three
different precursors. The assignment of the emission features, however, is not straightforward. The CN
stretch (v,) at 2093 cm™ is the mode with the strongest transition intensity and can be readily identified in
the emission spectra from all three precursors. The CO stretch (v,) at 1774 cm’™ is more than one order of
magnitude weaker and not as apparent as the strongest mode in the emission spectra but can be identified
after the two-dimensional cross-spectra correlation analysis, described below, of the spectra. 4b initio
calculation results confirm the reasonableness of the assignment of both the frequency and relative
intensity of the two modes.

IV. Two Dimensional Cross-Spectra Correlation Analysis of Time-Resolved FT Emission Spectra

- The 2-D correlation analysis, commonly used to unraveling the spectral features with the same
phase characteristics within the same spectrum, has been applied to the identification of the emission
bands from the same radical in the time-resolved FT emission spectra obtained with different precursor
molecules. Each individual set of time-resolved emission spectra, recorded following the photolysis of a
particular precursor molecule, contains bands from the radical of interest. When different precursor
molecules are used for generating the same radical, all the corresponding emission spectra obtained
should contain the same set of emission bands from this radical. These bands share similar time-evolution
in their relative intensity and frequency shift, resulted from collision quenching of the vibrational
excitation of the radical by ambient gases. The time-dependence in intensity provides the phase
information needed for the correlation analysis. A 2-D correlation analysis across two different spectra
allows the bands with identical time-dependence to be revealed.

We have developed the theoretical basis for analyzing spectral peaks phase correlations among
different spectra. The effectiveness of this “2-D cross-spectra correlation analysis” is demonstrated on the
OCCN radical, which can be generated from using three different precursors mentioned above. Figure 2
shows the longer time emission spectra (10 us after the photolysis pulse in a sample with about 0.1 Torr
precursor in 4 Torr Ar) from experiments using the three different precursors. Emission peaks in the
longer time spectra mimic more of the fundamental transitions of the vibrational modes. Figure 3 shows
the spectra after correlation treatment among all three spectra. All peaks are assignable to the OCCN
radical and other common products of secondary reactions following the photolysis. [The student who
worked on this project, William McNavage, presented this new 2-D cross-spectra analysis in the
Columbus International Symposium on Molecular Spectroscopy in 2003 and received the Rao Prize for
the best paper presented by a student.]

V. Plans for Next Year
A). Collision Energy Transfer from Vibrationally Excited Radicals

In the high temperature environment of a combustion chamber, it is expected that the transient
intermediates and reaction products are excited with high internal energies. The internal excitation will
have an effect on the reaction rates that needs to be characterized for the understanding of reaction
mechanisms in combustion. The other important aspect of understanding the reaction mechanism in a
combustion environment is the characterization of the collision energy transfer rates of the excited
species. The collision energy transfer rate is deterministic of the thermalization of the reaction
exothermicity and gravely affects the amount of energy available in promoting the reactions of the excited
species.

We have used time-resolved IR emission from vibrationally excited molecules during collision
quenching process to measure the collision energy transfer rates of highly excited stable polyatomic
molecules. The IR emission spectrum at a specific time following the excitation laser pulse can be used to
reveal the vibrational energy distribution at that time. This information allows the deduction of the
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average energy of the excited molecules as a function of the number of collisions with the ambient gas
after the initial excitation and the determination of the average energy transferred per collision.

To determine the energy distribution from the IR emission bands of vibrationally excited
molecules we need to know the vibrational anharmonicity of at least a few modes. This information is
available for many stable small/medium size molecules for which detailed spectroscopic studies have
been performed. This is in general not the case for radicals. On the other hand, both information- the
anharmonicity and the energy distribution- is inherently contained in the spectra. Previous studies have
conformed that a Gaussian function can be effectively used to describe the energy distribution which can
be characterized by the average energy and the width. The range and behavior of anharmonicity has also
been known and can be approximately described for a specific mode. We propose that a model can be set
up with the anharmonicity and the Gaussian characteristics as variables to be determined from fitting of
the multiple time-resolved spectra for the radicals. Collision energy transfer behavior of radicals can thus
be investigated.

B). The Ketenyl Radical (HCCO)

The ketenyl radical is an important intermediate in hydrocarbon combustion. Previous works by
Hirota and Endo have determined HCCO as a near prolate symmetric top with a large A constant. The
strongest vibrational band, the v, (CCO antisymmetric stretch) was found by Curl, Glass and coworkers

to be at 2022.644 cm™. The B2I1— X2 4" system origin was found by Rolfing and coworkers to be at
33,424 cm™' and the vs CCH (cis) bend was reported at 494 cm™'. Other vibrational modes including the v,
CH stretch and the v; sym. CCO str. have yet to be detected spectroscopically although many theoreticai
results, such as those by Schaffer and coworkers, have been reported. It should be mentioned that a recent
work by Osborn using time resolved Fourter transform infrared emission spectroscopy has successfully
monitored the reaction between HCCO and O,. The formation of CO and CO, was detected, lending
validity to the mechanisms proposed for the consumption of HCCO in combustion flame.

Given the lack of characterization of the vibrational modes of the HCCO radical, we have chosen
UV dissociation of ethyl ethynyl ether, characterized by Butler and coworkers, as a clean source of
HCCO and monitor the time resolved infrared emission from all photoproducts using FTIR Emission
Spectroscopy following the precursor photolysis. Preliminary results indicate the detection of
electronically and vibrationally excited HCCO from the precursor dissociation.

V1. Publications since 2002 acknowledging support from this grant
Structure and Vibrational Modes of the Cyanovinyl Radical: A Study by Time-Resolved FTIR Emission
Spectroscopy
J. Phys. Chem. A, 106, 12035-40 (2002), L. T. Letendre and H. L. Dai
Experimental and Theoretical Studies of the Effect of Collision and Magnetic Field of Quantum Beat
Mol. Phys., 100, 1117-1128 (2002), C. H. Chang, C. K. Ni, C. L. Huang, H. L. Dai, M. Hayashi, K.
K. Liang, and S. H. Lin '
The v, and v, Vibrational Bands of The OCCN Radical Detected Through Time-Resolved Fourier
Transform IR Emission Spectroscopy
Can. J. Chem. [Herzberg Memorial Issue], (2004) W. McNavage, W. Dailey and H. L. Dai
Two-Dimensional Cross-Spectra Correlation Analysis of Time-Resolved Fourier Transform IR Emission
Spectra
J. Chem. Phys., submitted, W. McNavage and H. L. Dai
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Bimolecular Dynamics of Combustion Reactions

H. Floyd Davis
Department of Chemistry and Chemical Biology
Baker Laboratory, Cornell University, Ithaca NY 14853-1301
htd1@Cornell.edu

1. Program Scope:

The aim of this project 1s to better understand the mechanisms and product energy disposal in
bimolecular reactions fundamental to combustion chemistry. Using the crossed molecular beams
method, a molecular beam containing highly reactive free radicals is crossed at right angles with
a second molecular beam. The angular and velocity distributions of the products from single
reactive collisions are measured, primarily using the Rydberg tagging method.

I1. Recent Progress:

During the first year of this grant, which started July 1, 2003, we have continued studies of
the reaction of OH radicals with hydrogen and deuterium, with an emphasis on the question of
how different kinds of reactant energy (e.g., translational, electronic, and vibrational) promotes
the chemical reaction. We have also made progress towards an investigation of the reaction H +
0O, — OH +O(3P), using O atom Rydberg time-of-flight spectroscopy, a method recently
developed in our laboratory.'

i. Studies of Reactive Quenching: OH(A*=") + D, > HOD + D.

It has been known for many years that electronically excited OH radicals are quenched by

collisions with small molecules.  Although quenching rate C J—
temperature, until quite recently, the possible role of reactions, 25 i
rather than simple physical quenching, has remained unexplored.” 20 i

P(E)

The reaction of ground state OH with D, proceeds over a
substantial potential energy barrier with a small reaction cross
section” On the other hand, the reactive quenching process
involving electronically excited OH is highly exothermic, and is

believed to proceed without any potential energy barrier.” 0 40 80 120
Trans. Energy, E (kcal/mol)

constants for many molecules have been measured as functions of % [, _
o
ol

Our experimental configuration was similar to that used in 1.2 e p—— 17—
our earlier study of the reaction of ground state OH.> We produce iob OOCPQ
a beam of OH radicals by photodissociation of HNO5 at 193 nm, osl S -
and have added a laser in the near UV to electronically excite OH o S
to the (A’L*) state as the radicals cross the D, beam. To ensure = °°[ 69& 7
the D atoms observed in our experiment resulted from reaction of 0o e .
OH (A’Z*), data was collected with the laser tuned to the peak of 02 .
an OH absorption line, as well as with the laser tuned off S T R B
resonance. The D atom angular distribution was found to be very A i‘:}gleygg(D:gfg“;SO 180
broad, with products scattered at all laboratory angles. The time-
of-flight and laboratory angular distributions led us to the CM Fig. 1: Translational energy and CM
translational energy, P(E), and angular distribution, T(8), shown in ?;’(%“D“‘j S‘i@iﬁ’ﬁi‘?'&ﬁfﬁﬁfﬁ;ﬁ&ié—’
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Fig. 1. The product flux contour diagram is shown
in Fig. 2. The data suggests formation of a short
lived collision complex that survives a fraction of a
rotational period before decaying to products.
From the translational energy release, the most
probable level of vibrational excitation in the HOD
is = 90 kcal/mol.

We believe that the transient complex results /
from the presence of an adiabatic well resulting /':y/

. . . il

from the crossing of diabatic surfaces correlating to  /; i‘j
.
7

f
i ;
sty i j
the ground and electronically excited states of OH é%% ,
+ D, Chemical reaction results from a i b
nonadiabatic transition mediated by a conical
intersection formed by these interacting surfaces. \ |

10,000 m/s

Fig. 2. D atom product flux contour map from OH(A) +
D, — HOD + D reactive quenching process.

In this experiment, and in other studies, the
experimental signal to noise ratio (S/N) was not as
high as we would have liked. We have therefore
reconfigured the source chambers, allowing us to
move each nozzle to a distance of about one half of that in previous studies. Since the density of
each beam scales as 2, this will increase the overall signal level by a factor of about 16. We
have also upgraded the vacuum system to reduce the partial pressures of interfering species
(primarily oil vapor) by approximately an order of magnitude. We have had the apparatus
remachined, allowing us to introduce the VUV needed in the Rydberg tagging schemes more
efficiently. At the same time, we relocated the apparatus to a newly renovated and much more
spacious laboratory, and experiments have resumed as of April 2004.

ii. Progress towards Studies of H + O, —» OH (211) + O Cpy) using Rydberg Time-of-
Flight Spectroscopy.

We have recently extended the hydrogen atom Rydberg time-of-flight (HRTOF) method,
used previously in our laboratory and elsewhere, to the detection of ground state oxygen atoms,
O (Py). An article describing this method has now appeared.! A particular spin-orbit state of
oxygen is “tagged” by a double-resonance two-photon excitation to high-n Rydberg states, and
the Rydberg O atoms fly to a detector where they are field ionized and collected.

This method is well-suited for studies of the reaction H + O, — OH (’IT) + O (Py), in
which the OH fragment is preferentially formed in high-N levels at collision energies above the
reaction endoergicity. This reaction is very important in combustion processes. Our ultimate
goal is to study this reaction using a true crossed beams configuration involving fast photolytic H
atoms produced by photodissociation of HI at 248 nm. In order to assess the feasibility of this
experiment using ORTOF, we have started by carrying out a simpler “single beam” experiment
involving a mixture of 5% HI and 30% O, in He. The HI is photolyzed by the residual 212 nm
light used for VUV generation, and the resulting H atoms react with O; producing OH + O.
These experiments have been encouraging, and we have definitively observed the OH + O
channel using ORTOF, demonstrating the feasibility of the experiments. We believe with the
recent improvements made to our apparatus (discussed in section i), our proposed study will be
successful.

-
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iii. Progress Towards Studies of OH + D, (v=1) - HOD + D

Recently, calculations on the reaction OH + D, (v=1) — HOD + D have been carried out. ¢

An experimental study in which the HOD product vibrational distribution is measured as a
function of scattering angle would provide an important test of the PES. In this experiment, the
D, is pumped to v = 1 by stimulated Raman pumping using two laser beams (532 nm and 633
nm, produced by Raman shifting in D,). Although this method has been demonstrated by several
groups to be efficient, we have found that we were unable to pump a sufficient fraction of the D,
molecules using our existing Nd:YAG laser, due to its broad linewidth (1 em’). As part of our
funding for year 1, we were able to upgrade our laser by addition of an injection seeder. We plan
to use this laser to carry out an experimental study of the title reaction during the next year.

IT1. Future Plans:

Currently, our apparatus is configured to study the reaction H + O, — OH (*IT) + O (°P)) at
Eeon = 1.84eV. The experiment is presently under way. During the summer, we plan to return
to the OH + D, system, first by revisiting the reactive quenching process OH(AZ") + D, —
HOD + D, but instead looking at reaction of v = 0 (rather than v = 1) of the electronically excited
OH reactant. We are also planning to investigate the H atom channel, OH(A’L") + D, — DOD +
H, seen in the previous work by the Lester group.” Following that study, we plan to pursue the
study of OH + D, (v=1) — HOD + D using our newly refurbished Nd:YAG laser. Along the
way, we plan to compare the efficiency for production of D, (v=1) using two alternative
approaches to generate the 633 nm light necessary for stimulated Raman pumping: either by
Raman shifting of the second harmonic of the Nd:YAG (532 nm) in liquid nitrogen cooled D,
gas, or by using a dye laser.

IV. Publications since 2002:

1. Oxygen Atom Rydberg Time-of-Flight Spectroscopy- ORTOF, C. Lin, M.F. Witinski, and H.
Floyd Davis, J. Chem. Phys. 119,251 (2003).

V. References:
I.  C.Lin, M.F. Witinski, and H. Floyd Davis, J. Chem. Phys. 119,251 (2003).

2. M.W.Todd, D.T. Anderson, and M.I Lester, a) J. Phys. Chem. 4. 105, 10031 (2001); b) J. Chem. Phys. 110,
11117 (1999).

3. B. Strazisar, C. Lin and H.F. Davis, Science 290, 958 (2000).
4. M. ] Lakin, D. Troya, G. Lendvay, M. Gonzalez and G.C. Schatz, J. Chem. Phys. 115, 5160 (2001).
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Multiple—time—scale Kinetics
Michael J. Davis

Chemistry Division
Argonne National Laboratory
Argonne, IL 60439
Email: davis@tcg.anl.gov

Research in this program focuses on three interconnected areas. The first involves
the study of intramolecular dynamics, particularly of highly excited systems. The second
area involves the use of nonlinear dynamics as a tool for the study of molecular dynamics
and complex kinetics. Recently, this work has been extended to spatially distributed
systems (reaction-diffusion equations). The third area is the study of the classical/quantum
correspondence for highly excited systems, particularly systems exhibiting classical chaos.

Recent Progress

Work on model Boltzmann equations has continued, but almost all recent progress
has been on the reduction of nonlinear partial differential equations. Some of this work is
in collaboration with Skodje and involves hyperbolic partial differential equations, but most
of the work has been on dissipative parabolic systems: reaction-diffusion equations. This
work is in collaboration with Zagaris and Kaper (Mathematics Department, Boston
University). : o

The main focus of the reduction has been on the study and the generation of low-
dimensional manifolds. There are three kinds of manifolds that we have studied: 1)
chemical-kinetic manifolds, 2) diffusional manifolds, and 3) inertial manifolds. This order
reflects the time range at which the manifolds are important (shorter to longer). Chemical-
kinetic manifolds are the generalization of low-dimensional manifolds from the zero-
dimensional pure chemical-kinetic system. They are usually only slightly modified from
the zero-dimensional problem by diffusion. The diffusional manifolds result from the
breakdown of constants of the motion that exist in the pure chemical-kinetic problem.
These manifolds can be thought of as modifications of the hypersurface of equilibrium .
points. In cases where they are present, inertial manifolds describe the longest time motion.
While the first two types of manifolds reduce the number of partial differential equations,
inertial manifolds describe a reduction from a set of partial differential equations to a few
ordinary differential equations.

The study of the reaction-diffusion systems employs numerical, analytical, and
asymptotic techniques. It combines the study of phenomenology and the development of
numerical methods. In particular, we have developed a method to generate chemical-kinetic
and diffusional manifolds for reaction-diffusions systems that includes the full reaction-
diffusion dynamics. For inertial manifolds, the techniques used for ordinary differential
equations are employed.

Four aspects of low-dimensional manifolds for dissipative reaction-diffusion
systems are now highlighted from our research.

1) Global Representation of low-dimensional manifolds for nonlinear partial
differential equations. The most general form for chemical-kinetic and diffusional
manifolds is in function space and maps functions to functions. We have studied
such representations and have developed an algorithm for generating manifolds that
is similar to the Maas-Pope algorithm for ordinary differential equations. It is
convenient to represent this manifold spectrally. Representations using a grid of
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points are also straightforward. If one considers the distributions for each species
as expansions in a basis set:

y1(50 = Tah) @y and yo(x) = Sag(®) @y,
n
the manifold is defined as: ?

a2 = F({al})

The figure shows distributions along such a manifold for a system with an exact
nonlinear manifold plotted as a solid line. The dashed line on the left panel shows
the results of our method for a case in which the time scale separation is small and
the right panel shows the results for a case with much larger time-scale seperation as
a set of dots. These plots demonstrate that the method can be very accurate but will
breakdown if the time-scale separation is not large.
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Local representations. It is possible to develop local representations of manifolds as
expansions. A typical example is shown below for a chemical-kinetic manifold.

The pure chemical-kinetic manifold is shown as a solid line and a manifold
corrected for diffusion is shown as a dotted line:,

T T T T

species 2

species 1

The corrected manifold in the figure above has this typical form:
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3) Inertial manifolds. We have studied inertial manifolds for the reaction-diffusion
systems. They appear to be a generic consequence of diffusional manifolds. They
reduce the system of partial differential equations to a finite-dimensional system.
The enclosed figure shows the consequences of a one-dimensional inertial manifold.
The center plot in the figure has a single point. The presence of a one-dimensional
inertial manifold means that a single point on the distribution for any species defines
the full distribution for that species and the distributions for all other species. This
is what is shown by the arrows in the figure which point to two full distributions.
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Inertial manifolds are more straightforward to calculate than the other two types of
manifolds, requiring the same techniques that have been developed for systems of
ordinary differential equations.

4) Spatial low-dimensional manifolds. Another aspect of our work on low-
dimensional manifold for reaction-diffusion systems has been the study of spatial
low-dimensional manifolds in the steady states of these systems. Generally,
stiffness in chemical kinetics and a separation between diffusion and kinetic time
scales leads to multiple length scales that may dissipate away from the boundary.
We are developing methods to generate these low-dimensional manifolds. The plot
below shows a series of “spatial trajectories”(dotted lines) that approach the solid
line that is the low-dimensional manifold. The progress variable in the figure is
spatial, rather than temporal. Some extra care has to be used to generate the
manifold compared to other manifolds, because of the boundary conditions.
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Future Plans

The project on the Boltzmann equation will continue. However, the major plans are
for continuation of the work on nonlinear partial differential equations. The work will be
extended in two ways. In collaboration with Zagaris and Kaper, new methods of calculating
low-dimensional manifolds in nonlinear partial differential will be developed and tested on
the systems studied in the past year. In collaboration with Tomlin (Leeds), the study of
manifolds in nonlinear partial differential equations will be extended to systems of higher
spatial dimension as well as more complex systems of spatial dimension one.

Publications
M. J. Davis and J. H. Kiefer, “Modeling of nonlinear vibrational relaxation of large
molecules in shock waves with a nonlinear, temperature-varying master equation”, J. Chem.

Phys. 116, 7814 (2002),

M. J. Davis, “Dynamics of a nonlinear master equation: Low-dimensional manifolds and
the nature of vibrational relaxation:, J. Chem. Phys. 116, 7828 (2002).

M. J. Davis and S. J. Klippenstein, “Geometric investigation of association/dissociation

kinetics with an application to the master equation for CH, + CH, <= C,H,”, J. Phys.
Chem. A 106, 5860 (2002)
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Program Scope
Experiments conducted in a Variable Pressure Flow Reactor (VPFR) at pressures from 0.3 to 20 atm and
temperatures from 500 K to 1200 K, with observed reaction times from 0.5 x 107 to 2 seconds, and laminar flame
speed measurements at atmospheric pressure are combined with literature data and numerical studies to develop and
validate chemical kinetic reaction mechanisms and to determine important elementary rates. Continuing efforts are:
(1) utilizing the perturbations of the Hy/O, and CO/H,0/Oxidant reaction systems by the addition of small amounts of
other species to further clarify elementary reaction properties; (2) further elucidating the reaction mechanisms for the
pyrolysis and oxidation of hydrocarbons (alkanes, olefins) and oxygenates (aldehydes, alcohols, and ethers).
Recent Progress
Comprehensive mechanisms have been further advanced for hydrogen oxidation, oxidation systems involving
species containing a single carbon atom (excluding methane), and for ethanol. New methodology has been
demonstrated to identify the windows of temperature over which temperature dependent properties in flames result
in larger sensitivities for laminar flame propagation. Progress is briefly summarized below.

Comprehensive Kinetic Mechanism for Hydrogen Oxidation (submitted to Int. J. Chem. Kinet. 2004)
We have developed an updated H,/O, chemical kinetic mechanism based on Mueller et al. (Int. J. Chem. Kinet.
1999, 31). Major issues addressed include:
1.The Enthalpy of Formation of OH was changed to that recommended by Ruscic et al. (J. Phys. Chem. A, 2002,
106, 2727).
2.The rate expression for H + O, = OH + O, (R1), developed in the recent analyses of Hessler (J. Phys. Chem. A,
1998, 102, 4517) was adopted to predict both high temperature results and the low temperatures measurements of
Pirraglia et al. (J. Phys. Chem. 1989, 93, 282).
3.The rate expression for H + O, + M= HO, + M, (R2), was developed using the Troe formulation with the high-
pressure-limit rate constant used in Mueller et al. and the low-pressure-limit results reported in Michael et al. (J.
Phys. Chem. A, 2002, 106, 5297).
4.Adjustment of the A factor for H + OH + M = H,0 + M, (R3), within expenrnental uncertainty.
The revised mechanism predicts a wide range of experimental observations found in shock tubes, flow reactors,
. and laminar premixed flames, including new results published subsequent to the work of Mueller et al., particularly
high pressure laminar flame speed and shock tube ignition results. The reaction H+OH-+M is found to be primarily
significant only to laminar flame speed propagation predictions at high pressure. As a result of the uncertainty in
the rate and third body efficiency data for this reaction, available experimental observations can be adequately fit
using any of the standard transport models available in the literature for the hydrogen oxygen system simply by
adjusting the rate parameters for this reaction within the present uncertainties.

Comprehensive Kinetic Mechanisms for C, Species (submitted to Int. J. Chem. Kinet. 2004)

In the hierarchical development of kinetic mechanisms for large hydrocarbons, the reaction systems involving C,
species represent the next level of complexity beyond the H,/O, reaction system discussed above. Encompassing the
above update of the H,/O, reaction system, we have revisited the CO/Hy/O,, CH;0/0,, and CH;0H/O; systems,
considering recent kinetic and thermochemical results. The mechanisms were tested using new experimental targets
as well as those originally employed in our earlier publications. The most important revisions to our prior published
mechanisms involve the rate constant descriptions for CO + OH = CO, + H, (R4), and HCO + M = H + CO +M,
(R5). Recently, Golden et al. (J. Phys, Chem. A, 1998, 102, 8598), Troe (Proc. Combust. Inst., 1998, 27, 167) and
Senesiain et al. (Int. J. Chem. Kinet., 2003, 35, 464) all performed RRKM calculations to model the temperature and
pressure dependence of reaction (R4). The rate constant expressions universally predict values higher than
experimental measurements at low to intermediate temperatures (see Fig. 1). A weighted least squares fitting of
literature experimental data for (R1) yields kg = 2.23 x 10° 7"% exp(-583/T) which lies within 6% at 800-3500 K of
the expression of Yu et al. (Eastern States Sectional Fall Meeting 1991), within 10% at 800-2000K of the
predictions of Troe, and about 20% lower than the result presented in Senesiain et al. (at 1 atm).

The decomposition reaction (R5) and the abstraction reaction, HCO + O, = HO, + CO, (R6), are the main
pathways to generating CO during the high temperature combustion of hydrocarbons. Recent results of Friedrichs et
al. (Phys. Chem. Chem. Phys., 2002, 4, 5778) for 835-1230 K determine ks¢ to be about a factor of two lower than
reported by Timonen et al. (J. Phys. Chem., 1987, 91, 5325). DeSain et al. (Chem. Phys. Lett., 2001, 347, 79)
reported kgr at 296-673 K to be nearly temperature-independent and about two times lower than the results of
Timonen et al. (J. Phys. Chem., 1988, 92, 651) at 1000 K. The uncertainties of the new rate measurements are
sufficiently small to exclude the earlier work.
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Premixed flame speeds of small-hydrocarbon oxygenate/air mixtures (methanol, dimethyl ether, ethanol) are
particularly sensitive to (R5) and (R6), and the new expressions result in significantly degraded flame speed
predictions for these systems. Our studies reported below show that flame speeds are most sensitive to the values
of R5 and R6 in the temperature ranges 1350-2000 K and 1200-1900 K, respectively, well above the range of
conditions of the more recent measurements. It is likely that the rate constant for (R5) is in fact non-Arrhenius, and
as a result, we adopted a weighted least squares fitting of literature data (ks; = 4.75 x 10'" 7% exp(-7485/7))
spanning the appropriate temperatures (see Fig. 2). Because there are few experimental measurements at high
temperatures (NIST kinetics database, 2004) for kg, the recommendation of Timonen et al. was adopted as in our
earlier models (Hochgreb and Dryer, 1992; Held and Dryer, 1998).

For the CH,0/0, system, review of other reactions led us to adopt the recommendations of Friedrichs et al. (Int.
J. Chem. Kinet., 2004, 36, 157), Eiteneer et al. (J. Phys. Chem. A., 1998, 102, 5196), and Irdam et al. (1993) for the
formaldehyde decomposition reactions and abstraction reaction with HO, and H, respectively. The result of Irdam et
al. (Int. J. Chem. Kinet., 1993, 25, 285-303) is in excellent agreement with the more recent direct measurements of
Friedrichs et al. (Phys. Chem. Chem. Phys., 2002, 4, 5778).

Methanol combustion is also very sensitive to the fuel abstraction and decomposition reactions, and we have
adopted the rate constants for CH;OH decomposition reactions from GRI-3.0 obtained from a 5-channel RRKM fit
to several sets of experimental data published from 1984 to 1994. The value of the rate constant for CH;OH (+M) =
CH; + OH (+M) agrees reasonably well (within 50%) with the recent experiment measurements of Koike et al. (Int.
J. Chem. Kinet., 2000, 32, 1). Jimenez et al. (J. of Photochemistry and Photobiology A: Chemistry, 2003, 157, 237)
derived experimentally the total rate constants for the abstraction reaction, CH;0OH + OH — products, at 235-360 K.
The total rate constants agree within 20% with those of Bott and Cohen (/nt. J. Chem. Kinet., 1991, 23, 1075),
which are used in the current updated mechanism.

The present C/O, mechanism has been compared against a wide range of experimental conditions (300-3000 K,
0.15-9.6 atm, ¢ = 0.4-6.1 for CO oxidation; 300-2150 K, 0.03-12.0 atm, ¢ = 0.005 to pyrolysis for CH,O; 300-2200
K, 1.0-20 atm, ¢ = 0.05-6.0 for CH;OH oxidation) and for laminar-premixed flame speeds, shock tube ignition
delay, and flow reactor species time history experiments. Very good agreement of the model predictions with the
experimental measurements was achieved in all comparisons, e.g. see Figs. 3, 4.

Experimental and Numerical Study on Ethanol Oxidation (In preparation for Publication)

In recent published works (Li et al., 3* Joint Meeting of the U.S. Sections of the Combustion Institute,
Chicago, IL, 2003), our laboratory has produced new pyrolysis data, and we have produced new rate determinations
for ethanol unimolecular decomposition reactions (Li et al, submitted to J. Phys. Chem. A, April, 2004). We also
performed a series of ethanol oxidation experiments in a flow reactor at high pressures (initial temperature at 300-
950K and pressure 3-12atm). The time histories of stable species concentrations were measured using Fourier
Transformed Infrared Spectrometry techniques. The new oxidation experiments are poorly described by predictions
using the recently published mechanism of Marinov (Int. J. Chem. Kinet., 1999, 31, 183).

A detailed mechanism for ethanol pyrolysis and oxidation has been developed hierarchically, based upon the
recent work on small-molecule chemistry described above. The C, sub-mechanism was assembled from the C,
model of Wang et al (Eastern States Section of the Combustion Institute Technical Meeting, Raleigh, NC, 1999) and
the acetaldehyde and ethanol sub-mechanisms of Marinov, with the following revisions:

1.H,/O, sub-mechanism. The entire subset was replaced with the updated version described above

2.C,/O, sub-mechanism. The CO, CH;0, and CH;0H subsets were replaced with the updated mechanisms
described above.

3. CH;HCO sub-mechanism. The present subset encompasses an acetaldebyde decomposition reaction, (missing in
Marinov’s mechanism), and updates the rate constants of abstraction reactions by OH based upon the extensive
literature review of Atkinson et al. (J. Phys. Chem. Ref. Data, 1997, 26, 521).

4.CyH;0H (+M) = C,H, + H,O (+M) and C,HsOH (+M) = CH; + CH,OH (+M). The rate expressions for the main
decomposition reactions of ethanol are those developed by our laboratory (L1i et al, submitted to I. Phys. Chem. A,
2004).

5.C;H;OH + OH — products. The reaction rates and branching ratios for the each of the three specific H-atom
abstraction sites in ethanol were estimated using the same empirical procedure as in Marinov (1999).

6. The rate coefficients of methyl abstraction reactions are adopted from Bott and Cohen (Int. J. Chem. Kinet., 1991,
23, 1075).

Predictions using the ethanol mechanism described above compare favorably against VPFR experiments for the
major stable species (C;H;OH, O,, H,0, and CO), representing a significant improvement over comparisons using
the Marinov mechanism. Model predictions for other species are reasonable, but can be further improved, with
mechanism elements involving acetaldehyde being least satisfactory. The predictions of the shock tube ignition
delay time for C;HsOH/Oy/Ar system deviate by amounts comparable to those shown by Marinov, while the
predictions of laminar flame speeds are considerably improved.

Temperature-Dependent Feature Sensitivity Analysis of Flames (Submitted to ACS Annual Meeting)
Typically, sensitivity studies are performed by perturbing the 4-factor for individual reaction rate coefficients
and monitoring the effect of these perturbations on the observable(s) of interest. The sensitivity coefficients
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obtained in this manner do not contain any information on possible temperature dependence effects. In many
combustion processes, e.g. in premixed flames, the system undergoes substantial temperature changes, and the
importance of individual reaction rates may be confined to specific ranges of temperature within the flame structure
itself. In this work, temperature dependent sensitivity characteristics for key reaction rates and for binary diffusion
coefficients on laminar flame speed were determined by perturbing the most sensitive specific reaction rates or the
binary diffusion coefficients by small values at multiple points in the flame temperature profile. A Gaussian
function perturbation profile was utilized, where the center of the Gaussian profile moves with the assigned
temperature of interest. Numerical experiments were used to test the effects of the value and width of the
perturbation profile on the obtained sensitivity parameters and exemplar applications of the technique were
demonstrated using hydrogen, carbon monoxide, methanol and propane flames. Different reaction models were
used for different fuels based primarily on the ability of each model to accurately predict the flame speeds over the
entire equivalence ratio range.

Fig. 5 shows the sensitivity spectrum of reaction (R1) in the updated H, kinetic model described above at
different pressures for a range of equivalence ratios. The bars in the figure indicate the temperature range where the
sensitivity is larger than 10% of the maximum value. The sensitivity of the flame speed is dominated by values of
(R1) in the relatively narrow temperature range 850 — 1550 K, with a shift in this temperature “window” to higher
values with increasing system pressure. Differences in rate expressions outside this temperature range have very
little effect on predicted flame speeds. The selected diluent species and concentration are found to influence the
temperature window size and location, being broadened by helium substitution for nitrogen and shifted toward
lower temperatures as overall dilution is increased. As a result, kinetic models verified against flame speed data
with one diluent condition may yield disparities at other diluent conditions, based entirely on the temperature
dependent characteristics of an important reaction. A similar investigation of the importance of (R4) on CO/H,
flame speed at atmospheric pressure shows that the most sensitivity to this reaction is at temperatures lower than
1900 K. We utilized this information in developing the updated C; mechanism described above. Similar studies
were performed to investigate the importance of reactions R5 and R6 described above. The use of the newly
determined reaction rate improves the prediction of flame speed (Figs. 3, 4). Similar temperature dependent
sensitivity analyses can be applied to other reactions in analyzing flame speeds of higher hydrocarbon fuels.

The temperature dependent sensitivity features of binary diffusion coefficients on laminar flame speed were also
demonstrated using hydrogen air flames. Fig. 6 shows temperature dependent sensitivity of H/He binary diffusion
coefficient on the predicted Ho/O,/He laminar flame speed. The shape of the presented curve is a result of complex
reaction/transport interactions within the flame structure. At lower temperatures, an increase in the diffusion
coefficient causes an enhanced transport of H atoms toward the cold region where they do not contribute to chain
branching kinetics (primarily, via R1). Consequently, the sensitivity with respect to of H/He binary diffusion
coefficient is negative. As the temperature increases, the H/He diffusion sensitivity becomes positive and peaks
close to the point where the sensitivity with respect to R1 has its maximum. Here, the diffusion flux brings H atoms
to the regions where chain branching is active, resulting in an increase in the flame speed. At even higher
temperatures, the sensitivity with respect to the H/He binary diffusion coefficient goes through zero again (around
the point where H concentration has its peak, indicative of directional change in H diffusion flux). From this point,
the diffusion flux carries H atoms away from the chain-branching region toward the post-flame zone, and the
sensitivity becomes negative again. Non-monotonic behavior of binary diffusion coefficient sensitivity with respect
to temperature has significant implications for detailed flame modeling. For example, Middha et al. (Proc.
Combust. Inst., 2002, 29, 1361) recently reported improved values of H/He binary diffusion coefficient which are
generally higher than those computed with the CHEMKIN I database over the entire temperature range of interest.
However, it was also reported that the resulting flame speeds did not change significantly. The present study shows
that the difference in binary diffusion coefficient may be compensated by the sensitivity sign change with the
temperature, resulting in a minor difference in predicted flame speed.

Plans
Reaction systems of present interest over the coming year, include continued efforts on the pyrolyses and
oxidations of acetaldehyde, methy! formate, and toluene, all over a range of pressures and temperatures similar to
our previous work.

Publications, 2002 — Present
1. T. Carriere, P.R. Westmoreland, A. Kazakov, A., Y.S. Stein, and F.L. Dryer, “Modeling Ethylene Combustion From Low
To High Pressure”, Proc. Int. Comb. Ins. 29, 1257-1266 (2002).
2. Z.Zhao, A. Kazakov, J. Li, and F.L. Dryer, “Initial Temperature And N, Dilution Effect On The Laminar Flame Speed Of
Propane/Air Mixtures”, Combust. Sci. and Tech. (2004) /n Press.
Papers Submitted for Review
l. I Li, A. Kazakov, and F.L. Dryer, “Experimental And Numerical Studies of Ethanol Decomposition Reactions”, J. Phys.
Chem. (2004) Submitted.
2. 1. Li, Z. Zhao, A. Kazakov, and F.L. Dryer, “An Updated Comprehensive Kinetics Model of H; Combustion”, Int. J. Chem.
Kin. (2004) Submitted.
3. Z.Zhao, ]. Li, A. Kazakov, S. P. Zeppieri, and F.L. Dryer, “Burning Velocities Of N-Decane A High Temperature Skeletal
Kinetic Model For N-Decane-Air Mixtures”, Combust. Sci. and Tech. (2004) Submitted.
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LASER PHOTOELECTRON SPECTROSCOPY OF IONS

G. Barney Ellison
Department of Chemistry & Biochemistry
‘University of Colorado
Boulder, CO 80309-0215
Email: barney@JILA.colorado.edu

1. Ion-Radical Reactions.

Ions and radicals are energetic and reactive species. Over the last decades,
molecular beam and flow tube techniques have been used to explore the
spectroscopy and bimolecular chemistry of these species. Thousands of ion
reactions have been studied with stable neutrals and with some atomic radicals in
the gas phase,' with the aim of understanding the fundamental chemical reaction
dynamics as well as the chemistry of the earth's upper atmosphere, interstellar
medium, lasers, and other plasma phenomena.?

Ion-organic radical reactions are also expected to be important in several
environments, including in combustion processes. Here, the elevated
temperatures generate high densities of energetic species which react rap1dly to
spawn a myriad of combustion products. In oxy-acetylene flames,® HCO",
C,H,", H,O', HC,~, O,7, CN’, and HO™ have been identified as major ions at
densities of 10° — 10" cm . Experimental studies of ion-organic radical reactions
are challenging primarily because of the difficulty in generating the radicals
cleanly and in high densities. In a flowing afterglow-selected ion flow tube (FA-
SIFT) instrument, the reaction time in the flow tube is roughly 10 ms. In order to
generate detectable amount of product ions, the density of the radicals in the FA-
SIFT reaction flow tube must to be at least 10° radicals cm®. Reactant ions and
radicals may be lost easily, before their mutual encounter, by reactions with their
. chemical precursors and by radical-radical reactions.

We have employed a new approach that combines a supersonic pyrolysis
nozzle* with the FA-SIFT instrument.® Thermal decomposition of a variety of
organic compounds in a pulsed supersomc nozzle produces clean and intense
beams of organic radicals or diradicals;® typical nozzle temperatures range from
300 — 1800 K and the residence time of radicals in the nozzle is about 30 usec. -
The SIFT instrument is used to generate mass-selected ions in a helium buffer gas
(0.5 Torr) free from their chemical precursors. The high-pressure flow tube
environment allows both the ions and radicals to be thermally equilibrated (= 300
K) and contained for a moderately long reaction time (=10 ms).

We reported’ the first observation of ion reactions with hydrocarbon
radicals and diradicals using the flowing afterglow technique. A simple radical,
allyl (CH,CHCHy), and a diradical, ortho-benzyne (0-C¢Hy) are produced in a
hyperthermal nozzle.®

H
I

CH=CH-CHyl + A —> HxgsingH + 1t (1)

R
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H

We demonstrate that these radicals react with simple gas phase ions, hydronium cation
(H,0") and hydroxide anion (HO™).

CH,CHCH, + H,O" - CH,"+ H,O (3)
CH,CHCH, + HO™ — no product ions (4)
0-CH, + H,0O’ - CH," + H,0O (5)
0-CH, + HO™ - CH,” +H,0 (6)

The proton transfer reactions with H3O+ occur at nearly every collision (KT'=10% em® s7).
An unexpected result has been obtained for o-CiH, + HO™ ; the exothermic proton
abstraction is 31gn1f1cantly slower than the collision rate by nearly an order of magnitude
(k" = 10™ cm’ s™). This observation has been rationalized by competing associative
detachment. 0-CH, + HO™ — CH,O + e™. No charged products have been observed for
CH,CHCH, + HO™, presumably because of similar detachment pathways.

2. Vibrational Spectroscdpy and Reaction Dynamics of Propargyl, HC=C-CH,.

Beams of the propargyl radical have been produced by thermal dissociation of
HC=C-CH,Br and HC=C-CH,CH,ONO in a hyperthermal nozzle. The presence of the
HC=C-CH, radical was verified with a photoionization mass spectrometer: HC=C-CH, +
AW ygonm — HC=C-CH," (m/z 39). Samples of propargyl were collected on a 10 K cold Csl
window and the polarized infrared absorption spectrum of the propargyl radical was
measured.® We have detected nine of the twelve possible fundamental Vibrational modes of

propargyl I,(HC=C-CH,) = 5a, ® 3b, ® 4b,.The experimental HC=C-CH, X ’B, frequencies
(em™) and polarizations follow: a, modes — 3308, 3028, 1935, 1369, 1061; b modes —
686, 483; b, modes — 1017, 620. The linear dichroism was measured with photooriented
samples to yield experimental polarizations of the vibrational modes. When beams of
HC=C-CH, and O, are co-deposided at 10 K, a chemical reaction is observed to produce the

propargyl peroxyl radical: HC=C-CH, X B, + O, = HC=C-CH,00 X A"
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Project Scope

Gas phase negative ion chemistry methods are employed to determine enthalpies of
formation of hydrocarbon radicals that are important in combustion processes and to investigate
the dynamics of ion—molecule reactions. Using guided ion beam tandem mass spectrometry, we
measure collisional threshold energies of endoergic proton transfer and hydrogen atom transfer
reactions of hydrocarbon molecules with negative reagent ions. The measured reaction threshold
energies for proton transfer yield the relative gas phase acidities. In an alternative methodology,
competitive collision-induced dissociation of proton-bound ion-molecule complexes provides
accurate gas phase acidities relative to a reference acid. Combined with the electron-affinity of
the R- radical, the gas phase acidity yields the RH bond dissociation energy of the corresponding
neutral molecule, or equivalently the enthalpy of formation of the R- organic radical. The
threshold energy for hydrogen abstraction from a hydrocarbon molecule yields its hydrogen
atom affinity relative to the reagent anion, providing the RH bond dissociation energy directly.
Electronic structure calculations are used to evaluate the possibility of potential energy barriers
or dynamical constrictions along the reaction path, and as input for RRKM and phase space
theory calculations. In newer experiments, we have measured the product velocity distributions
to obtain additional information on the energetics and dynamics of the reactions.

Recent Progress
O -H Bond Dissociation Energy of Phenol

Recent work using competitive threshold collision-induced dissociation techniques has
centered on determination of the bond dissociation energy of phenol, D(C;H;O-H), for which
recent literature determinations are not in complete agreement. We have produced proton-bound
heterodimers such as [C;H;O..H..CN]", which upon collisional activation dissociates as shown in
the figure on the next page into either CCH;O™ + HCN or C;H;OH + CN", The higher threshold
energy for the latter channel qualitatively implies that phenol is a stronger gas phase acid than
HCN. Using statistical rate theories, we quantitatively model the branching ratio between these
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two product channels as a function of
the available energy. Our preliminary
results suggest that D(C,H,0-H) is
moderately, but significantly, smaller
than the values reported from proton
transfer energy thresholds by both our
group (CI~ +C¢H;OH)' and the Scott
Anderson group at the University of
Utah (ND; + C,H;OH™).? We are now
extending our experimental work on
the phenol system by using additional
reference acids besides HCN, namely
H,S and substituted phenols, to create
a gas-phase acidity ladder for a more
precise determination.

“OOM‘.wA_er..lx‘x.llenllugnlAan
1 [C,HO-H-CNJ”

. . -16 2
reaction cross sections / 107 cm

et In conjunction with this work,
05 10 15 20 25 30 e have continued a collaboration
energy (c.m.)/ eV with P. B. Armentrout (University of

Utah) on the CRUNCH program® for
fitting cross section data with statistical rate theory. In particular, we have extended the models
to include phase space theory in addition to RRKM theory, and have incorporated an
approximate treatment of the permanent dipoles of the neutral product for orbiting transition
states. The CRUNCH program is in use by about 25 gas-phase ion chemistry research groups
internationally.

Electron Affinity of O,

Recently published reports by Chen and Chen*’ have claimed that the electron affinities
of several molecules, including the diatomics O, and NO, are widely different than the
previously accepted values obtained by photoelectron spectroscopy. Chen and Chen further
claim that the anions observed in photoelectron spectra are actually electronically excited anions.
In collaboration with W. C. Lineberger (University of Colorado, Boulder) and J. Simons
(University of Utah), we presented® overwhelming spectroscopic and theoretical evidence that
the electron affinity is EA((O,) is 0.448+0.006 eV, in agreement with photoelectron spectra
reported by a number of groups since the early 1980s, and that the only stable electronic state of
the anion is the O, (*II) ground state. This implies that there are serious flaws in the Electron
Capture Detector experiments and analysis methods used by Chen and Chen to obtain their
reported value of EA(O,) =1.07£0.07 eV.

As part of this work, we revised our program for fitting the Franck-Condon vibrational
profiles of photoelectron spectra, PESCAL.” Ten groups have requested copies of this program
in the last three years.
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Product Velocity Distribution Measurements

The velocity distributions of the products of ion molecule reactions provide information
on the energy partitioning in the reactions. We have modified our guided ion beam tandem mass
spectrometer to perform time-of-flight measurements on product ions, which can be transformed
into axial product velocity distributions. We have published® the product velocity distributions
for hydrogen atom transfer reactions of S~ with H,, CH,, and C,H,. We had previously
investigated the collision energy dependence of-the total reaction cross sections for these
reactions with the hope of using the threshold energies to obtain the radical product enthalpies of
formation. Although this worked well for the hydrogen reaction,’ for the hydrocarbons we
observed large reverse activation energy barriers. Ab initio potential energy surfaces show either
no (H,) or low (CH,, C,H,) energy barriers along the reaction path, but these latter barriers are
not high enough to explain the elevated threshold energies. Examining the product velocities
provides a handle on the dynamics of the reactions. Near threshold, the SH™ product is back-
scattered, consistent with direct collisions with low impact parameters needed to drive the
endoergic reaction. At higher energies, a forward scattered feature becomes dominant. The
distributions indicate that the reactions are direct, with inefficient translational to vibrational
energy transfer accounting for the excess threshold energies.

Future Directions

We plan on continuing our competitive threshold collision-induced dissociation measurements
for obtaining gas-phase acidities, targeting larger molecules important in combustion systems
that remain challenging for theoretical energy calculations. We are particularly interested in
oxygenated species, as well as molecules with aromatic rings and CC triple bonds. A major part
of this project is the application of more advanced statistical rate models of the dissociation
processes. We will also further pursue the application of proton transfer and hydrogen atom
transfer reactions for determination of neutral radical thermochemistry.
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SCOPE OF THE PROGRAM

The objective of this research program is to determine, experimentally, kinetic
parameters, the nature and yields of reaction products, and mechanistic data for
several key elementary radical-radical and radical-molecule reactions involving C2
and C3 hydrocarbon radicals. Small hydrocarbon radicals, such as vinyl (C;H3) and
propargyl (HCCCHy;) are believed to play pivotal roles in the formation of aromatic
and polyaromatic hydrocarbons and in the inception of soot. There are either very
limited or no reported experimental or computational results on reactions of these
radicals. '

Methods employed for our studies include, excimer-laser photolysis for generating the
radicals, time-resolved UV-absorption spectroscopy for direct kinetic studies, GC/MS
methods for identification and quantification of final reaction products as well-as for
comparative rate determinations. Detailed kinetic modeling is used for data analysis
and interpretations. For a better understanding of the reaction mechanisms emphasis is
given to determination of the isomeric nature of the products and on examining the
effects of pressure and temperature on product channels and on the nature and yields of
the reaction products. : ‘

RECENT PROGRESS

a. Product Channels and Kinetics of the C,H; + C;H4 Reaction

The reaction of vinyl radical with ethylene has been studied at various temperature (523
K to 723 K) and pressure (~20 mbar to 950 mbar) conditions. Vinyl radicals were
generated by photolysis of C,H3l at 248 nm. Final product studies indicated the
formation of 1-butene, 1,3-butadiene, 1,5-hexadiene, cyclohexene and 1,7-octadiene.
The relative yields of final products show significant and complex pressure and/or
temperature dependences. For example, the yield of 1-butene at 523 K increases rapidly
with pressure, reaching a maximum at around 200 mbar then the yield decreases as the
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pressure is increased. Also the yield of I-butene decreases as the temperature is
increased. The yield of 1,3-butadiene and cyclohexene increase with temperature while
the yield of 1,5-hexadiene decreases as temperature is increased. The product studies
and a detailed kinetic modeling of the reaction system suggest a large array of reactions
occurring in the system including dissociation and isomerization of certain
intermediates or products leading to reactive species not initially present in the reaction
system.

Direct kinetic studies of the C;H3;+C;H, reaction have been performed (and will
continue) in collaboration with Dr. Craig Taatjes at CRF. Time profiles of vinyl
radicals are probed directly at 230 nm region (at NIST) or 420 nm, using a multipass
Herriott-type cell (CRF). Preliminary kinetic results for the CoH;+C,Hj reaction,
determined at 100 mbar suggest a rate constant of ~2.5 x 10™* cm® molecule™ s,

b. Review of Reactions and Kinetics of Unsaturated C, Hydrocarbon Radicals
The chemistry associated with small unsaturated hydrocarbon radicals has direct
relevance to a host of combustion processes, catalytic reactions and fundamental
organic chemistry. Accurate reaction rate constants as well as detailed product
analysis for radical reactions are required to realistically interpret and model
macroscopic hydrocarbon reaction systems and to determine the factors affecting
the efficiency of the hydrocarbon growth and abundance of various molecular and
radical species. During the past 20 years, as a result of significant advances in
both new experimental approaches and ab initio theory a significant amount of
data on properties of these species; their spectroscopy, electronic structure, as
well as their reactions and kinetics have become available. In a review article we
have compiled and evaluated the available reaction kinetic and mechanistic data
on C; unsaturated hydrocarbon radicals including ethynyl (C;H), vinylidene
(H,C=C), and vinyl (C;Hs) radicals. In addition, the thermochemistry,
spectroscopy, means of production and detection of these radical species and
results of the relevant computational studies have been discussed and preferred
rate parameters are presented.

FUTURE PLANS

Our future work will include continuation of the kinetics and product studies of the
vinyl and propargy! radical reactions. We will expand our investigations of the radical-
radical and radical-molecule reactions and examine effects of pressure and temperature
on the vinyl + propargyl and propargyl + acetylene reactions. The reaction C3H3;+C,H,
is an important process and can yield cyclopentadienyl. An interesting issue is the
pressure dependence of the process.

Once again, the emphasis of the studies will be on the nature and yields of the final
products as a function of temperature and pressure. Particular attention will be given to
see if any of the products will undergo isomerization and/or cyclization.
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Program Definidon: Our research program is centered on the development and application of experimental
and theoretical methods for studying the dynamics (Intramolecular Vibrational Redistribution and
Isomerization) and kinetics of combustion species. The primary focus is the dynamics of small molecules at
internal energies above the barrier to bond-breaking isomerization. Two systems are currently under study:

the Sy (f( 12;) state of C2H near the acetyelene < vinylidene isomerization barrier, and the 5y ()2 'S state

of HCN near the hydrogen cyanide <> hydrogen isocyanide isometization barrier.

Recent Progress

Our current research is driven by efforts to selectively populate and to conclusively assign the
vibrational levels in the vicinity of the acetyelene <+ vinylidene isomerization transition state. In order to
achieve significant population transfer into these target states, we have devised a scheme that exploits a
“local-bender pluck” by using the half-linear turning point of the andsymmetric in-plane bend (vg) in the A
state in order to drop down onto the half-linear acetylene «» vinylidene isomerization barrier in the ground
state. Once a suitable intermediate state has been located, SEP spectra of 3C-acetylene will reveal
permutation tunneling splittings, allowing an unprecedentedly complete description of the anharmonic
couplings in the vicinity of the transition state.

Because the intermediate states crucial to achieving a “local-bender pluck” for use in a double
resonance spectrum are not Franck-Condon allowed but rather are illuminated by anharmonic and Coriolis
interactions with the FC bright states, their appearance in the spectrum is often weak and fragmentary.
Additionally, their appearance in the spectrum is often obscured by the more intense hot bands that originate
from ground state vibrational levels with excitation in the f7ans-bending mode. Thus it is necessary to develop
both new experimental methods to uncover and isolate the spectral features due to transitions into these
states and to develop new methods of assignment of these bands in the absence of complete rotational
information. The hallmark of this effort has been the development of several multispectral techniques that
can be used to sort excitation spectra according to the character of the observed eigenstates.

We have refined a technique to extract only the “cold band” features from the LIF excitation
spectrum recorded in a static gas cell. LIF spectra are simultaneously recorded in two attached sample cells.
One cell is heated to ~ 75°C and the other is cooled to ~ 0°C. The ratio of intensities for each feature in
these Differential Temperature-Laser Induced Fluorescence (DT-LIF) spectra reveals the degree of excitation
of the inital state. The spectra can therefore be processed by a computer algorithm to remove all but bands
originating from the zero-point level of the ground electronic state. A paper describing this technique has
been submitted to the journal Chemical Physics and is currently undergoing revision.

The use of another multispectral technique, simultaneous Surface Electron Ejection by Laser Excited
Metastables (SEELEM) and LIF recorded in a supersonic molecular beam source has led to the first
assignment of all three symmetry-allowed components of the 4Vyend polyad, of which at least one member
strongly perturbs the 3v; vibrational level of the A state and has been used as an intermediate in SEP
experiments with the hope that its character is dominated by the antisymmetric in-plane bend (vg). The
assignments indicate the primary perturbation is 2v4 + 2v¢, and therefore unlikely to give the desired access to
the isomerization transition state. The two additional members of the 4Viena polyad are only observed in the
tecorded SEELEM+UV-LIF spectrum in their K=0 sublevels, which are obscured in the static cell LIF by
the strong unperturbed 3v; lines. In order to predict the locadons of the K=1 sublevels of the 4v4 and 4vs
bands, the available data have been fit to an effective Hamiltonian model incorporatng the strong
anharmonic and Coriolis interactions expected to exist between members of the polyad.

85



These perturbed bands are likely to require a great deal of spectroscopic detective work to uncover. A
new technique, Filtered Fluorescence Cross Correlation (FFCC), has been developed to quickly sort LIF
spectra on the basis of the number of quanta of excitation in the #ans-bending mode (v3), and therefore be
able to identify, among other weak features, those lines that are due to eigenstates containing no excitation in
the #rans bend. This technique is based on the differential detectivity of the eigenstates due to gross features
of the fluorescence spectrum. States with non-zero quanta of vibration in the #ans-bend have emission
spectra that are dominated by two classical turning points: one nearly linear and one very bent. The near-
linear turning point radiates primarily to ground state levels that contain less than 15,000 cm! of vibrational
excitation. In contrast, the very bent turning point radiates to highly vibrationally excited states (> 20,000 cm-
1 of vibrational excitation). We can exploit the two lobes of Franck-Condon activity to characterize the
eigenstates observed in a spectrum. This can be accomplished by simultaneously recording two LIF spectra
with the light filtered to accept only the emission to the low-lying levels (<400 nm) onto one detector and
filtered to accept only emission to high lying levels (>475 nm) onto the other detector. Unlike all other
eigenstates, the important states containing zero quanta of #ans-bending vibration do not have multiple
turning points and are easily separated from the other states based on their negligible emission onto the long-
wavelength detector.

0, 4 v,

| “Blue” / 250 - 400 nm
“Blue”

475 - 600 nm
“Red’.’

FC Dark Perturber

FC Bright Feature

Figure 1: Filtered Fluorescence Cross Correlation (FFCC) used to separate a Franck-Condon bright state
from a Franck-Condon dark perturber state. The two spectra (“Blue” and “Red”) are simultaneously
recorded with filter combinations used to select gross features of the Dispersed Fluorescence spectra as
demonstrated by spectra from the origin band and from 4v,. An XCC-like algorithm is used to generate a
recursion map and merit function that reveal two well-defined patterns in the spectrum. The first pattern
corresponds to the perturbing state. The second pattern corresponds to the Franck-Condon bright state.
The second pattern also contains features from the nearby triplet states, which, since they have emission
spectra identical to the features from which they borrow intensity, cannot be separated by this technique.

It should be possible, using this technique, to locate the K=1 levels of 4v4 and 4v¢ as predicted by the

effective Hamiltonian model, and further to extend to higher energies the search for perturbing states that
contain zero or one quanta of excitation in the #rams-bend. We are working with an ab initio quantum chemist,
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John Stanton, to develop a reduced dimension model of the acetylene emission to semi-quantitatively model
the ratio of intensities from the two turning points as a function of number of quanta of excitation in the
trans-bend. We also are extending the use of multispectral detection by incorporating direct absorption (cavity
ringdown) and photoacoustic spectroscopies.

Future Plans

Since the success of this approach hinges on the use of the of A <> Xelectronic transition in both
excitation and emission, knowledge of the both the transition moment and intensity sharing mechanisms in

the A state are crucial. Despite the relative simplicity of the acetylene molecule, the intensity sharing

mechanisms among vibrational levels of the A state elude description by a simple, two level ‘bright state-dark
state’ interaction. Neither can the intensity be modeled by a multiresonant effective Hamiltonian that
incorporates only anharmonic interactions that are near resonance. We are currently developing an effective
Hamiltonian that incorporates large but off-resonance matrix elements that cannot be treated through second
order perturbadon theory. The results of these calculations will be compared to variational calculations
performed by our collaborators John Stanton (University of Texas) and Joel Bowman (Emory University).

The importance of spectroscopic perturbations in the acetylene isomerization problem has led us to
renew our interest in HCN <> HINC isomerization, where the lack of inversion symmetry obviates reliance
on perturbations as a means to reach the transition state. Rather, the bending mode is strongly active in both
the excitation and in the emission spectra. Because the system contains only three atoms, there is also a
considerable benefit in terms of the reduced density of states at high energy and therefore in our ability to
make reliable assignments.

Unlike previous SEP-based studies of the HCN «» HNC system, we plan to initiate excitation from
molecules with a HNC rather than HCN geometry. Upon excitation from the X state to the A state, the
HNC geometry is stabilized in relation to the HCN geometry, resulting in a considerably lower electronic
transition frequency. The A < X transition has not been observed despite the simplicity of this HNC. This is
likely due to pervasive predissociation of the Franck-Condon accessible A state vibrational levels, which is
also observed in HCN. In order to access the lowest, and likely least predissociated levels, we will use an IR-
UV double resonance scheme exploiting an intermediate level that is excited in the CN-stretching mode. Our
scheme for recording the excitation spectrum is to excite the HNC while using another laser to record an
action spectrum of the CN photofragments. This necessitates a clean preparation of HNC, free of CN
background, which should be achievable through the use of a pyrolysis jet source in which an organic
precursor (formamide or acrylonitrile) is decomposed by passing it rapidly through a resistively heated SiC
tube. We are currently preparing such a source based on original designs by Peter Chen as modified by Hanna
Reisler and Barney Ellison. We plan to use millimeter wave absorption spectroscopy to optimize the source
conditions for the production of HNC.

SEP spectra will be recorded the using the CN photofragment fluorescence dip to monitor the HNC
population transferred to the lower electronic state before the parent molecule dissociates. These
experiments will provide information complementary to the known vibrational level structure of HCN and
will give a complete picture of the HCN «» HNC isometizatdon dynamics on the X state. As in acetylene,
we seek methods to definitively assign those eigenstates that are delocalized over multiple isomeric minima.
One observable through which we can gain information related to the character of nuclear motion is the
charge distribution of the molecule in a given vibrational state. In particular, the bending mode of
HCN/HNC has been calculated to have a profound effect on the molecular dipole moment. As the bending
degree of freedom leads to delocalizadon and eventually free rotation of the hydrogen atom around the CN
core, the oppositely signed HCN and HNC dipole moments are essentially averaged out, while the dipole
moment of an eigenstate of comparable excitation energy confined near linearity will give only a small shift
from the equilibrium value of the dipole moment.

Once the vibrational states in the HNC X state have been located, direct and precise measurements
of their dipole moments will be obtained by SEP-millimeter-wave Stark spectroscopy. In this technique an
additional resonant step is added to induce a pure rotational transition within the highly vibrationally excited
(HVE) ground state level accessed by a SEP transition. Subsequent to their sudden transfer into the HVE

87



state, the molecules undergo transient nutation in the millimeter-wave field if the field is resonant with the
rotational transition. A variable DC field introduced perpendicular to the molecular beam will induce a
quadratic Stark shift in the frequency of the rotational transition, the magnitude of which can be used to
directly determine the magnitude of the dipole moment.
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Figure 2: Unconventional observables used to assign vibrational states delocalized over multiple potential
wells. In (a), the symmetric double minumum potential (acetylene), evolution of the permutation splitting is
a sensitive probe of the barrier height and location of nearby vinylidene-localized leveis. in (b), the
asymmetric double minimum (HCN/HNC), the character of the nuclear wavefunction, as monitored by the
Stark effect, provides a gauge of the delocalization across both potential wells.

We are also investigating alternative methods for assigning highly vibrationally excited states. In
collaboration with Friedrich Temps of the University of Kiel, we are planning to catry out velocity map
imaging photoelectron spectroscopy of HVE molecules near an isomerization barrier. Since the
photoelectron spectrum projects the ground state vibratonal wavefunction onto an ionic potential energy
sutface, states thatare “chemically delocalized” should show the photoelectron signatures of both
configurations over which they are delocalized. '

We are exploring theoretical methods to extract information about chemical bartiers from
permutation tunneling splittings in floppy molecules, such as acetylene. We are currently collaborating with
Jon Hougen (NIST) to fit Michael McCarthy’s (Harvard Smithsonian Astrophysical Observatory) microwave
spectrum of silicon trimer (Si3) to an effective Hamiltonian that incorporates the ability of this isosceles
triangular molecule to shift its apex position through large amplitude pseudorotation, which leads to shifting
of the energy levels away from their asymmetric rotor positions. These tools, once developed, will be brought
to bear upon the analysis of the permutation doublets anticipated in the SEP spectra of 13C-acetylene.
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Scanning Tunneling Microscopy Studies of Chemical Reactions on Graphite
Surfaces

George Flynn, Department of Chemistry, Columbia University
Mail Stop 3109, 3000 Broadway, New York, New York 10027
flynn@chem.columbia.edu

Introduction and Overview

Our Department of Energy sponsored work was for many years involved with the study of
vibrational energy transfer in the gas phase using laser pump and probe techniques. Most
recently this work focused on the quenching of molecules with chemically significant
amounts of vibrational energy, an aspect of combustion chemistry in which vibrational
energy transfer plays a critical role. We have concluded this phase of our program and
launched a new effort to study chemical reactions on graphite surfaces using the Scanning
Tunneling Microscope as an analytical tool to probe single molecule and single site surface
processes.

This new work 1s focused on fundamental chemical events taking place on graphite
surfaces with the intent of shedding light on the role of these surfaces in mediating the
formation of polycyclic aromatic hydrocarbons (PAHs) and the growth of soot particles.'"
Interest in soot is ultimately driven by the environmental and health implications arising
from its formation in combustion reactions (particularly those involving heavier, diesel
fuels), which are nearly ubiquitous throughout our society.' There is also some practical
interest in high temperature graphite chemistry due to the existence of graphite nuclear
reactors.'>"? Like any set of experiments designed to investigate fundamental chemical
combustion processes, the systems being studied here represent a compromise between
simple models (with their well defined conditions) and exact replicas of real combustion
reactors (with their inherent complexity). Of the four phases of soot formation,™* the work
being pursued here is focused on surface reactions that lead to growth and oxidation of
these particles. Our experimental system employs Scanning Tunneling Microscopy and
other surface science techniques to study a well defined graphite surface (rather than the
more complex soot particle) interacting with vapor phase or adsorbed molecules.

Scanning tunneling microscopy, with its ability to identify surface defects and step edges,
as well as to resolve and probe individual molecules on surfaces, provides a powerful tool
with which to follow the behavior of such reaction processes on surfaces and complements
gas phase spectroscopic studies of PAH formation.'"" One of the principal focuses of our
STM work over the past few years has been concerned with the identification and use of
STM "chemical marker groups"” to interpret patterns of molecular ordering and
conformation of individual molecules adsorbed at the liquid-solid and vacuum-solid
interface.'*'® “Marker groups” are chemical functional groups that exhibit unusual contrast
in the STM images relative to the rest of the atoms in a molecule; the thiol end group (-SH)
provides a vivid example of such a marker.'"""”” The unusual contrast of these marker
groups can be attributed to a combination of factors related to the electronic structure, size,
and spatial orientation of the chemical functionality.'™'® In particular with STM, molecules
having C=C double and C=C triple bonds can be distinguished from those having C-C
single bonds and aromatic structures when these molecules are adsorbed on a surface."
This ability to distinguish chemical functional groups and carbon bond types
on surfaces is extraordinarily useful when tracing the mechanistic pathways in the
formation of PAH’s from small molecule carbon precursors reacting on model graphite
surfaces.
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The experimental program that we are pursuing can be divided into two parts. First, we
plan to deposit small to medium sized molecules and simple PAH moieties on a relatively
cool (25-400 K) graphite surface in an ultrahigh vacuum system, trigger reaction between
different chemical species, and use STM and other surface techniques to probe both the
pre-reaction and post-reaction species. Minimally, we expect such studies to provide
fundamental information about the reactions of hydrocarbons on graphite surfaces, the role
of surface defects and step edges in mediating these reactions, and the effect of temperature
on the chemical mechanisms of importance for such reactions. Second, by taking advantage
of the high temperature capability of our UHV STM, we plan to heat graphite to high
temperatures (800-1200 K), characterize the surface with STM, and impinge potential
PAH/soot precursor molecules onto the graphite. The surface will then be re-characterized
with STM after growth of carbonaceous material is initiated in order to identify the species
forming at the graphite-vacuum interface. Our expectation is that experiments such as these
will contribute to an understanding of the mechanism for formation of PAH’s on surfaces
as well as the route by which small PAH’s grow into larger ones.

Results:

A key feature of these experiments involves the identification of adsorbates on the surface
using temperature tunable, ultra-high-vacuum Scanning Tunneling Microscopy. We have
begun our efforts on this project by depositing chrysene and other PAH molecules on a
graphite surface that was pre-cleaned by heating to >700 K. Because of the low vapor
pressure of chrysene, we have used a vacuum evaporation oven in conjunction with a
quartz-crystal microbalance to deposit molecules on the surface at mono-layer or sub-
mono-layer coverage. STM topographs of the chrysene covered graphite surface, taken at
80 K, show arrays of well ordered dimers. At the tunneling conditions used (nominally 2
volts and 100 pA) the chrysene can be clearly seen sitting on top of the graphite surface.
Though the molecules on the surface form well ordered arrays, they pack flat in a two
dimensional low density arrangement on the surface. Wide “empty spaces” can be clearly
seen between the chrysene dimers, and the carbon atoms on the graphite surface are easily
resolved in the voids.

When the sample is held at a positive voltage, the image of a chrysene molecule is different
from that obtained when the sample is negative. The positive sample image shows a
tunneling pattern over an individual chrysene molecule that resembles the shape of the
chrysene n-LUMO electronic wavefunction while the tunneling pattern with negative
sample bias resembles the t-HOMO electronic state wavefunction. (Wavefunctions were
calculated in vacuum without the influence of the graphite surface using DFT.) This
suggests that the tunneling process for electrons moving from tip to surface is
predominantly mediated by the empty LUMO state, while tunneling from surface to tip is
dominated by the filled HOMO orbital. Though such behavior is somewhat unusual for
non-conjugated hydrocarbons on graphite, it is likely to be typical of highly conjugated
systems such as PAH’s. Molecules of this type have relatively small HOMO-LUMO gaps
and ionization potentials, which taken together, place the HOMO and LUMO levels of the
adsorbates near in energy to the surface Fermi level. When this happens, tunneling into the
surface tends to be dominated by the empty LUMO while tunneling out of the surface tends
to be dominated by the filled HOMO level.

While flat chrysene, having no carbon sp® hybridized bonds, is achiral in 3 dimensions,
when adsorbed flat on the surface it becomes pro-chiral. Essentially, in two dimensions the
mirror image of a chrysene molecule cannot be superimposed on itself without lifting the
molecule up and flipping it over. As might be expected for our relatively high temperature
deposition conditions, the arrays of chrysene molecules on the surface show equal numbers
(within [N]"%) of “left” and “right” handed species. These mirror image molecules appear
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to be intermixed in a random fashion, neither separating into chiral domains nor forming
regular arrays of side by side chirally alternating species. Eventually, we hope to probe
whether the prochiral nature of the chrysene affects its reactivity.

Present and Future Experimental Program

We plan to continue our efforts to identify small and large PAH molecules and their
precursors on graphite surfaces. These identification studies are necessary before
investigations of surface chemucal reactions are begun. The STM techniques described
above will be supplemented with Scanning Tunneling Spectroscopy methods that allow the
electronic energies of the adsorbate molecular states to be determined relative to the graphite
Fermi level. The spectroscopic “signatures”, especially for different conjugated molecules,
are expected to be quite distinct, thereby providing another means of identifying individual
molecules on the surface. Once a number of individual species have been so probed and
their STM and STS signatures determined, we plan to study mixtures of several PAH’s to
determine if specific molecules can be located on the surface in a 2-dimensional mixture.

Our variable temperature STM allows us to image surfaces at temperatures as high as 1200
K in order to characterize both the pre- and post-reaction landscapes. Since acetylene
appears to be the principal fuel that drives the surface reactions that lead to soot growth (H
abstraction-C,H,-addition or “HACA” mechanism),*® in the first high temperature
experiment we plan to spray acetylene onto a hot graphite surface to see if there is any
growth in the surface carbon layers, particularly near step edges and defects. While simple
acetylene (C,H,) is the most appealing candidate for the fuel in this case (because it is
thought to be the “active ingredient” for soot growth in combustion systems),™* we can
also use substituted acetylenes (e.g. C,HI or C,HBr), which are more likely to produce
radicals such as C,H upon striking the hot surface. In experiments of this type, it should
also be possible to co-deposit or spray both acetylene and small to medium sized PAH
molecules on the surface simultaneously. The STM can then be used to test for new
structures formed at step edges in the presence of the PAH/acetylene combination.

Studies of clean graphite itself will also be undertaken to search for defects and step edges.
Low and high temperature STM images of graphite can be obtained to see if these
structures are stable on the surface. Following this, we plan to add oxygen to our chamber
to detemine the reactivity of defects and step edges by probing the change in surface STM
images before and after the addition of oxygen.
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Gas-Phase Molecular Dynamics:
Radical-Radical Reaction Kinetics

" Christopher Fockenberg and Jack M. Preses
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The purpose of this program is to explore the kinetics of chemical reactions resulting from molecular
collisions in the gas phase. The goal of this work is a fundamental understanding of chemical processes
related to combustion. We are interested in the microscopic factors affecting the structure, dynamics and
reactivity of short-lived intermediates such as free radicals in gas-phase reactions. Molecular species are
studied using both experimental and theoretical tools including high-resolution spectroscopic probes,
time-of-flight mass spectrometry, ab initio electronic structure calculations and both time-dependent and
time-independent quantum calculations of nuclear motion. The synergy between the experimental and
theoretical components of the research is an important element in achieving the goals of the program.

Recent Progress
Kinetics studies of the CH; + OH reactions

Current research is focused on measuring the kinetics and especially the product distribution of the
methyl-hydroxyl radical reaction at low pressures and temperatures around 620 K:

CH,+OH  — CH;OH (1a)
- 'CH, + H,0 (1b)
— CH,0 + H, (1c)
— HCOH + H, (1d)
5 CH;0 +H (le)
— CH,0H + H. (15)

According to ab initio calculations carried out in our group, the energies of almost all transition states lie
within a few kcal/mol of the entrance channel making the product distribution very sensitive to pressure
and temperature.

Particular attention is placed on channel (1d), the transition state for which lies below the energy of the
reactants, and, therefore, should be able to compete at low pressures and/or high temperatures with
channel (lb) that lies energetically above the entrance channel. We believe the lifetime of the
hydroxymethylene radical to be short due to fast isomerization to formaldehyde. To distinguish the
formaldehyde from the ethane signal, *C-labeled acetone is used leading to a separation of *C,Hg (m/e =
32) from “CH,O (m/e = 31). The complex nature of the chemistry involved makes it necessary to analyze
the experiments by simulation calculations, for which will make use of our new computer program based
on the Chemkin program package employing genetic and simplex algorithms. The current version allows
several different types of parameters, such as rate constants and their temperature dependencies, signal-to-
concentration conversion factors, initial concentrations, and signal offsets to be fitted to the complete data
set.

OH radicals are generated in the reaction of singlet oxygen atoms, O('D), with hydrogen molecules or
water, which also serves as collision partner for OH thermalizing the vibrational hot distribution quickly.
O('D) atoms are produced by the photolysis of nitrous oxide at 193 nm. The relatively small absorption
coefficient of N,O limits the amount of hydroxy! radicals that can be produced in these experiments,
which, however, reduces secondary chemistry involving OH radicals. Unfortunately, OH radicals are not
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observable with the current apparatus so that their existence has to be inferred from their reaction
products. Nevertheless, experiments undertaken at room temperature and 620 K, show the increasing
yield of CH,O with increasing temperature (see Fig. 1).
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Figure 1. Signal traces observed for the *CH;+OH reaction at masses 16 ('*CHj), 30,31, and 32 ("*C,H,, "*C,H,,
CH,0) at room temperature (lower row) and 622 K (upper row). Black and gray coloring indicates differences
between traces obtained with OH radicals present (black) and absent (gray). '

Mid-IR Diode laser absorption studies of the reaction of CH; and OH

The TOF experiments described above suggest a minor channel in the reaction of CH; and OH radicals
ultimately producing CH,O (perhaps via a CHOH intermediate that cannot be differentiated from CH,O
in the TOF experiment). In order to confirm the production of CH,0, we use mid-IR diode laser
absorption to detect CH,O unequivocally. -

As in any mid-IR diode laser experiment, the first decision is the choice of wavelength to use: an intense
diode may not be available where strong molecular transitions occur or vice versa. The C-H stretching
region near 3 pm is a natural choice, but diodes are generally poor at this wavelength, and the broad
spread of the wavelengths of C-H stretching transitions means that an individual diode covers absorptions
of few molecules. An excellent second choice of diode wavelength turns out to be the C-H bending
region near ~1450 cm™”. An intense diode was obtained, and C-H bending transitions from different
molecules are much more narrowly distributed in wavelength than in the C-H stretching region, so that a
single diode covers absorptions of several molecules, such as CH,0, CH;0H, H,0, C,Hg, and C3H;Cl,
absorptions from which have been confirmed using this diode. The potential to observe absorptions of
other molecules using this diode, such as other hydrocarbons is likely.

CH; and OH radicals were prepared as in the TOF experiment using the reaction scheme explained above.
Pressures were chosen so that [CH;] was greatly in excess of [OH], and overall reactant pressures were
kept sufficiently low to minimize “dark™ reactions between radicals and molecules between laser pulses.
The diode was ramped over a wavelength range covering a strong CH,O absorption line without
interference from a C,Hg absorption line (C;Hg is the major product). Lines were verified using authentic
samples of CH,O and C,H,. Other possible accidental interferences from molecules such as H,O were
carefully ruled out. Absorption was detected after single excimer laser pulses, and product concentration
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was monitored following generation of the radicals as a function of the number of excimer laser pulses in
order to reveal the role of secondary chemistry. Preliminary results confirm that secondary chemistry is
not a problem. Confirmation of the presence of CH,O and quantification of the yield is presently
underway.

Another application of diode absorption involves the reaction of propargyl radicals and H atoms.
Propargyl, C;H;, appears to be the important species in the formation of early aromatic rings leading to
the formation of soot."” We have undertaken a TOF study of the reaction of C3H; with H atoms using
propargyl chloride as a radical precursor. Analysis of the reaction scheme has turned out to be more
complex than expected. Our TOF experiments confirmed that allene, H;C=C=CH,; is one product of the
reaction between C;H; and H atoms, and we wanted to make a precise determination of the allene yield.
We have undertaken a series of diode laser absorption experiments to determine the allene yield by
comparing the loss of propargyl radicals with the appearance of allene. The reaction scheme involves
193-nm production of propargyl from propargyl chloride, and H-atoms from H,S, velocity modulated
with He.

The flowing reaction mixture contained excess H,, and among the products is allene. Assuming that the
only photolysis products are as above, measuring the loss of propargyl chloride determines the initial
concentration of propargyl radicals. Measurement of allene concentration then permits the determination
of the allene yield. Allene absorptions are identified by comparison with authentic allene sample using the
allene v, CH; scissors-mode absorption near 1440 cm™.

Allene is a stable molecule whose structure has long been known. Its detailed IR spectroscopy, however,
is much less well known, and many of its rovibrational transitions have not been analyzed in detail. In
connection with this work, we obtained a high-resotution allene vy absorption spectrum from S. Sharpe
(PNNL) in order to calibrate our 1957 cm” diode (initial experiments were performed using a ve
transition) and to identify allene absorption features. We are currently working toward assigning this
transition and determining the molecular constants in the vg state. The opportunity to perform this work is
a good indicator of the advantages of the combined expertise that our group brings to bear on scientific
problems, and it demonstrates the utility of cooperation between programs at different National
Laboratories.

Future Work
TOFMS study of ketene photolysis at 193 nm

Time permitting, we will investigate the photolysis of ketene at 193 nm. Recent studies show significant

discrepancies in the photolytic yields for singlet vs. triplet methylene as well as ketenyl radicals. By

exchanging hydrogen for helium as bath gas or by adding water we hope to determine the relative amount

of singlet to total methylene produced by observing changes in the CH, and CH; signals. Based on these

results we can work on answering specific questions, such as temperature dependence, of physical

compared to reactive quenching of 'CH, by H; or O,
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Program Scope

The primary objective of this project 1s the development and application of laser-based imaging
diagnostics for studying reacting flows. Imaging diagnostics provide temporally and spatially resolved
measurements of species, temperature, and velocity distributions over a wide range of length scales.
Multi-dimensional measurements are necessary to determine spatial correlations, scalar and velocity
gradients, flame orientation, curvature, and connectivity. Our current efforts focus on planar laser-
induced fluorescence (PLIF) and Rayleigh scattering techniques for probing the detailed structure of
both isolated flow-flame interactions and turbulent flames. The investigation of flow-flame interactions
is of fundamental importance in understanding the coupling between transport and chemistry in
turbulent flames. These studies require the development of a new suite of imaging diagnostics to
measure key species in the hydrocarbon-chemistry mechanism as well as to image rates of reaction and
scalar dissipation.

Recent Progress

Recent research has continued to emphasize the development and application of diagnostics for probing
the detailed structure of reaction zones during flow-flame interactions. The coupling of measurements
with simulations also remains an essential element of this program. Research activities have included
the following: i) Interference-free PLIF measurements of atomic oxygen with picosecond excitation,
ii) An investigation of the interaction between flow transients and ignition kernels, 1) Reaction-rate
imaging with CO and OH PLIF in edge flames.

Atomic oxygen imaging We have demonstrated the use of picosecond lasers to reduce photolytic
interference in two-photon O-atom LIF imaging. Quantitative 2-D measurements of atomic oxygen
concentrations in flames are needed to better understand the coupling between transport and combustion
chemistry and in particular, nitric oxide formation. Two-photon LIF can provide sensitive detection of
atomic oxygen in flames. However, previous studies using nanosecond pulsed lasers have shown that
photolytically produced O-atoms cause a significant interference to measurements of the naturally
occurring oxygen. We conducted a comparison of O-atom LIF line imaging with ps- and ns-laser
excitation at 226 nm (3p3P<——<—2p3P) and detection at 845 nm (3p°P—2s°S) in premixed methane and
hydrogen flames. Our measurements indicated that thermally excited CO, is the dominant precursor to
photolytically produced atomic oxygen in hydrocarbon flames. This result is contrary to the
conventional belief that vibrationally excited O, is the primary photolytic precursor. We measured the
photolytically produced atomic oxygen directly using a ns and a ps laser in a pump/probe configuration
in both hydrogen and methane flames. In this configuration, the ns laser was tuned off the O-atom
resonance, and the ps laser was tuned on resonance to measure the photolytically produced O-atom. In
lean premixed Hy/O; flames, interference from O, photolysis was negligible compared to the LIF signal
from the native O-atoms. Consequently, interference-free LIF measurements were obtained in the Hy/O,
flame using either the ns or the ps laser. In lean (¢=0.70) methane flames, however, the ns laser
produced significant photolytic interference, and the interference increased dramatically with the
addition of CO, as a diluent.
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The ps laser offers an advantage because at 226 nm the O-atom excitation is a two-photon
process, and the photolysis is a single-photon process. Because the two-photon LIF signal depends
quadratically on laser intensity, while the photolysis process depends linearly (or sublinearly) on laser
energy, we reduced the interference by an order of magnitude when exciting LIF with a 55-ps pulse
instead of 3.5-ns pulse. The extension of two-photon LIF measurements to two dimensions is
complicated by relatively weak absorption cross sections and the nonlinear dependence of the LIF signal
on laser intensity. To facilitate 2-D imaging, we added an amplification stage to the ps dye laser. Using
the modified ps laser, we demonstrated two-dimensional interference-free O-atom LIF measurements.
Our results of O-atom LIF imaging in an acoustically forced Bunsen flame illustrate the feasibility of
investigating O-atom distributions during a flow-flame interaction. This project is conducted in -
collaboration with Tom Settersten (Sandia).

Interaction of flow transients and ignition kernels We have investigated the effects of transient flows
on hydrogen ignition kernels in a nonpremixed counterflow. The ultimate goal of this effort is to
develop the capability of accurate predictions for hydrocarbon fuel ignition in transient flows. In this
initial study, hydrogen flames provided a good testbed because the chemical mechanism is relatively
simple. Experiments were performed in collaboration with Kal Seshadri (UCSD), and Jackie Chen
(Sandia) conducted an accompanying computational study. In the experiments, we measured the
temporal evolution of OH during the ignition of a hydrogen flame in steady and unsteady laminar
opposed flows. Prior to ignition, a mixing layer was established with heated air flowing from one side
of the burner and a N,-diluted H; mixture (Xj»=0.08) flowing from the opposite side. Ignition was
initiated by photodissociating molecular oxygen in the heated air flow with an ArF laser (A=193nm),
thereby producing a sheet of OCP) atoms. The impact of the laser-initiated ignition was minimized by
setting the temperature of the oxidizer flow to 3K below the autoignition temperature and using the
minimum laser fluence that reliably ignited the flame. This laser-initiated ignition was sufficiently
repeatable that we could record the temporal evolution of the ignition kernel by measuring OH PLIF
over multiple ignition events while varying the time delay between the ArF laser and the OH-PLIF laser.

For ignition in a steady strained counterflow, the OH exhibited a 60% overshoot relative to a
steady diffusion flame. This peak value was attained at 6 ms after the ignition laser pulse. To study the
effects of unsteady strain, the fuel flow was pulsed at different times after the initiation of ignition. The
survival of the flame kernel was highly dependent on the time history of the flow. For a time delay of
3.9 ms, the kernel extinguished and never recovered. For time delays of 4.5 ms and 5.5 ms, the transient
flow increased the induction time and decreased the amount of OH overshoot. These results indicate the
complexity of modeling localized extinction and ignition processes in turbulent flows.

The measured temporal evolution of the peak centerline OH for the different cases was compared
with unsteady 1-D laminar flame calculations. The simulations captured the extinction of the 3.9-ms
case as well as the delayed ignition and reduced OH overshoot of the 4.5-ms and 5.5-ms cases.
However, the computations predicted a smaller OH overshoot than was observed experimentally. Multi-
dimensional effects may need to be included, and 2-D direct numerical simulations are under way. To
better understand the factors contributing to the increased ignition delay with impulsive straining, we
examined the time history of an instantaneous Damkéhler number, based on the net ratio of the net
reaction rate of OH to the diffusion of OH. This measure showed partial (4.5-ms case) or complete
quenching (3.9-ms case) of the kernel attributed to excessive scalar dissipation rate encountered during
the initial phases of chemical induction. :

Reaction-rate imaging in edge flames The investigation of edge-flame behavior is important for
understanding diffusion-flame stabilization as well as local extinction/ignition phenomena in highly
strained turbulent flames. In collaboration with Alessandro Gomez (Yale) and Mitchell Smooke (Yale),
we have conducted an initial study of edge-flame propagation during extinction and ignition of a
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counterflow methane-air flame using simultaneous CO/OH PLIF to determine the forward reaction rate
of CO+OH = CO,+H. This reaction represents the primary pathway for the formation of CO; in a
methane-air flame. The basic concept of the diagnostic involves using the product of simultaneous OH
and CO PLIF measurements to obtain an image with a signal proportional to the reaction rate. Results
showed that the reaction-rate did not increase significantly near the tip of the strained edge flame. In
contrast, previous simulations of unstrained edge flames predicted a significant increase in the reaction
rate near the tip. The relative velocity of the reactants and the flame was determined from particle
image velocimetry (PIV) measurements in Sandia’s Turbulent Combustion Laboratory. The results
indicated that the extinction edge flame was advected by the mean flow, and we found no evidence of a
negative propagation velocity. These experimental results will be coupled with 2-D simulations
performed at Yale University.

Future Plans

Reaction-rate imaging We plan to continue the development and application of diagnostics that provide
imaging measurements of reaction-rates. The new capability of O-atom LIF imaging will be used to
develop a technique for measuring the spatial distribution of the forward reaction rate of the N,+O =N +
NO reaction, which is the rate-limiting step for the Zeldovich, or ‘thermal’, mechanism of NO
production.

Mixture fraction imaging We plan to expand our initial demonstration of simultaneous 2-D mixture-
fraction and temperature measurements by implementing the technique in a wider range of turbulent jet
flames and repeatable flow-flame interactions. Further developments are needed to determine the
uncertainty of the scalar dissipation rates and to extend the technique to flames having localized
extinction. A portion of this effort will be conducted in collaboration with Marshall Long (Yale).

C,-Species diagnostic We are developing a laser-induced fragmentation fluorescence (LIFF) technique
for probing vinyl (C;H3) and acetylene (C,H,) in premixed flames. As part of the development, we will
conduct a series of low-pressure flame experiments to quantify the temperature dependence of the LIFF
signal by combining LIFF measurements with photoionization mass spectrometry in a low-pressure
flame. The mass spectrometer will provide quantitative measurements of the vinyl and acetylene
profiles in the flames. Measurements will be performed on the Chemical Dynamics Beamline of the
Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory in collaboration with David
Osborn (Sandia), Craig Taatjes (Sandia), Terrill Cool (Cornell), and Stephen Leone (Berkeley).

Effects of unsteady flow on premixed flames In collaboration with Habib Najm (Sandia), a joint
numerical and experimental investigation will be conducted in an acoustically forced axisymmetric
Bunsen flame. This burner configuration provides advantages over the previously studied V-flame
burner. Our continually expanding suite of imaging diagnostics will be applied to study the transient
response of axisymmetric flames. Initial O-atom LIF measurements were already performed in this
burner. We are particularly interested in studying the response of NO formation to unsteady flows.

Two-photon LIF imaging: O-atom and H-atom We plan to build upon our recent progress in
interference-free imaging of two-photon O-atom LIF and refine the diagnostic technique through
continued collaboration with Tom Settersten. The proposed activities include measurements of the O-
atom yields from photolysis of CO,, determination of the temperature-dependent quenching cross-
sections of atomic oxygen, and the development of an in situ calibration technique for absolute O-atom
measurements. To take full advantage of our new capability for interference-free O-atom LIF imaging,
we propose to add O-atom LIF measurements to the suite of imaging diagnostics that is currently
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available in the Advanced Imaging Laboratory (AIL). This effort will involve the construction of a
tunable picosecond dye laser system in the AIL facility.

Atomic hydrogen is another key radical in combustion chemistry that is challenging to measure
without photolytic interference. We plan to investigate H-atom LIF detection with ps lasers as a
possible means to obtain H-atom measurements without photolytic interference. In two-photon H-atom
LIF, ground-state atomic hydrogen is excited at 205 nm via the 3d *D<—«1s°S transition, and
fluorescence is detected from the 3d *D—2p *P transition at 656 nm. Single-photon photodissociation of
CHj; and thermally excited water molecules is a significant source of photolytic interference for 205-nm
excitation. Since H-atom LIF excitation is a two-photon process while the photolytic interference is a
single-photon process, ps-laser excitation may provide a significant advantage over ns lasers.

Adequacy of CH laser-induced fluorescence as a marker of heat release rate The CH radical is
frequently used as a flame marker because it is relatively short lived, is present over a narrow region in
flames, and can be measured by LIF. Discontinuities in the CH LIF signal along a flame front are often
interpreted as localized extinction of the flame. However, the adequacy of CH LIF as a flame marker is
questionable. To resolve this issue, we will conduct a detailed study of the correlation between CH LIF
and heat release rate in steady and unsteady flames. Simultaneous OH and CH;O LIF measurements
will be used to determine variations in the forward reaction rate of CH,0+OH — HCO + H,O, which is
highly correlated with the rate of heat release in premixed methane/air flames.

Ignition processes in transient flows We plan to investigate a broader range of conditions for hydrogen
ignition and study the edge-flame propagation that occurs as the ignition kernel spreads. In addition,
measurements of other key species will be performed. We will extend the ignition and edge-flame
studies to include hydrocarbon fuels. This effort will be conducted in collaboration with Jackie Chen
(Sandia) and Kal Seshadri (UCSD).
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MECHANISM AND DETAILED MODELING OF SOOT FORMATION

Principal Investigator:Michael Frenklach

Department of Mechanical Engineering
The University of California
Berkeley, CA 94720-1740

Phone: (510) 643-1676; E-mail: myf@me.berkeley.edu

Project Scope: Soot formation is one of the key environmental problems associated with
operation of practical combustion devices. Mechanistic understanding of the phenomenon has
advanced significantly in recent years, shifting the focus of discussion from conceptual
possibilities to specifics of reaction kinetics. However, along with the success of initial models
comes the realization of their shortcomings. This project focuses on fundamental aspects of
physical and chemical phenomena critical to the development of predictive models of soot
formation in the combustion of hydrocarbon fuels, as well as on computational techniques for the
development of predictive reaction models and their economical application to CFD simulations.
The work includes theoretical and numerical studies of gas-phase chemistry of gaseous soot
particle precursors, soot particle surface processes, particle aggregation into fractal objects, and
development of economical numerical approaches to reaction kinetics.

Recent Progress:
Homogeneous Nucleation of Carbon Nanoparticles (with S. C. Schuetz)

We completed molecular dynamics (MD) simulations with on-the-fly quantum forces
investigating collisions of different-size aromatics. It is widely accepted that polycyclic
aromatic hydrocarbons (PAH) are the precursors to soot particles. However, the mechanisms
that transform gaseous PAH molecules into solid phase soot particles are still unclear. In the
previous study, we performed molecular dynamics simulations that demonstrated how binary
collisions of pyrene molecules could form van der Waals dimers, under practical flame
conditions. The results indicated that during.collisions, the constituent PAH monomers of the
dimer develop internal free rotors. These internal rotors absorb and trap a portion of the
collisional energy, resulting in dimers with lifetimes sufficient to evolve into soot nuclei.

Our previous study focused on the dimerization of pyrene because of the species exceptional
stability and suggested role in initiating particle nucleation. In the present study, we investigated
the effects of monomer size on the dynamics of PAH collisions to further explore the phenomena
of PAH dimerization and the roll it may play in soot nucleation. We examined binary collisions
of coronene, to see if increasing monomer size would interfere with the development of internal
rotors. Then we examined collisions of different sized PAHs, with collisions of coronene-
pyrene, coronene-anthracene, and coronene-napthalene. Additionally, we explored the effect of
radicals on PAH dimerization with collisions between pyrene and its radical.

The MD simulations were successful in producing dimers of coronene-coronene, coronene
pyrene, and coronene-anthracene with substantial collision frequency and lifetimes far exceeding
the equilibrium-based predictions. Dimers of coronene with naphthalene and pyrene with its
radical were also examined, yet dimers with long lifetimes were not observed in these runs. The
principal finding of the present study is the forming dimers are stabilized by the development of
internal rotors. It was observed that smaller molecules developed internal rotations more quickly
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than large molecules; yet, all of the species examined effectively trapped collisional energy in
rotational modes.

The combined results of this and the previous study form a general understanding of how
binary collisions of PAH molecules can form dimers, with significant collision frequency and
lifetime, under typical combustion conditions. Consistent with our previous study, the principal
findings of the performed numerical simulations is that the constituent PAH monomers of the
dimer develop internal free rotors, and this phenomenon translates into substantially increased
dimer lifetimes. The implication is that physical clustering is a phenomena common to a range
of small and midsized PAH species, and that PAH clusters are likely to survive long enough to
evolve into soot nuclel.

Soot Particle Surface Reactions (with S. C. Schuetz and J. Ping)

We completed initial sterically-resolved Monte Carlo simulations investigating the migration
mechanism of aromatic-edge growth. A new reaction pathway is suggested for the five-member
ring migration along a graphene edge. The migration sequence is initiated by H-atom addition to~
the adsorbed cyclopentha group. The elementary steps of the migration pathway were analyzed
using quantum ab initio calculations. Based on the obtained energetics, the dynamics of the
system were investigated by solving master equations. The reaction rates show values
sufficiently high to compete with, and even dominate, other surface reactions. The kinetics
results indicate that the rate-limiting step of the migration sequence is the B-scission of the five-
member ring after the addition of H atom, with the rest of the steps reaching partial equilibrium
at higher temperatures. Employing the new migration kinetics along with adsorption,
desorption, and growth steps sterically resolved kinetic Monte Carlo simulations were carried
out at conditions typical of soot growth in hydrocarbon flames. The simulation results provide
further support to the critical role of the five-member ring migration in the growth of graphene
layers. The evolving surface morphology and ensuing growth rate are determined by the
competition between migration of five-member rings and “nucleation” of six-member rings at
surface corners. An important implication of this migration phenomenon is that while five-
member rings are being constantly formed on the growing edge, they do not accumulate; rather
they are converted to six-member rings. '

The molecular structures produced in the present Monte Carlo simulations are consistent
with recent spectroscopic observations of PAH species in interstellar clouds.

Particle Aggregation with Simultaneous Surface Growth: the Effect of a Realistic Particle Size
Distribution (with M. Balthasar)

Transformation of gas into particulate matter is at the core of a variety of natural phenomena and -
industrial processes; examples may include formation of atmospheric fog, combustion soot,
interstellar dust, carbon black, and commodity ceramics like fumed silica and pigmentary titania.
Conventional description of the particulate inception begins with homogeneous nucleation of
precursors in the gas phase, leading to the appearance of the first recognizable particles. These
primary particles are assumed to be spherical and collisions among them coalescent, i.e., forming
larger spherical particles. In the case of solid particulates, the collected samples often exhibit
characteristics of fractal-like aggregates. It is understood therefore that the initial period of
coalescent growth must transition to particle aggregation. Surface deposition also contributes to
particle growth. Gas phase species attach themselves to the surface of the particles during both
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the coalescent and aggregation stages of formation. This adds a layer of mass on the particle
surface.

While the formation of particle aggregates is well documented and their fractal-like
appearance is well characterized, the transition between the formation of primary particles and
chain-like aggregates is not well understood. In the past few years, we investigated this
transition using dynamic Monte-Carlo simulations and on the basis of these results developed a
formulation that captures the essential physics but in a form that allowed us to incorporate the
aggregation phenomena into the method of moments. The latter was coupled with our detailed
chemical kinetic mechanism of soot formation. The combined model was applied to ensemble-
average simulations of a number of burner stabilized premixed laminar flames and the results
were validated against experimental observations of soot yields and particle sizes.

During the past year, we completed Monte-Carlo simulations of soot particle coagulation and
aggregation whose objective was to investigate further the key notion of the prior studies—the
critical role of the small particles on the transition from coalescent to aggregate growth.
Specifically, we focused on the effect of a realistic particle size distribution on the sphericity of
~ primary particles. The particle distribution was treated explicitly and use was made of the
transition location predicted by the simulations with the method of moments with interpolative
closure. Using this approach, shapes of individual primary particles and integral quantities
describing the state of the particle ensemble were investigated.

The evolution of the soot particle morphology was investigated in a laminar premixed flame
of ethylene with the emphasis on the effect of a realistic particle size distribution. The flame was
divided into a nucleation-dominated zone early in the flame and a post-nucleation zone governed
by surface growth and aggregation. The transition between the two zones was taken from the
results of our prior study. In the nucleation zone of the flame, particles were allowed to grow by
coagulation and surface growth while only surface growth was applied in the post-nucleation
zone. This is motivated by the fact that coagulation in the second part of the flame does not affect
the shape of primary particles but merely determines the final fractal nature of aggregates.

The candidate particles available for coagulation were obtained from a size distribution of
particles calculated from the Smoluchowski master equations with additional source terms for
surface growth and nucleation. It was found that the particle size distribution in the nucleation
zone of the flame can be divided into two parts: the newly incepted particles that dominate the
distribution and a small fraction of larger particles formed by coagulation. The evolution of these
larger particles was simulated by a time-dependent Monte-Carlo method.

In the first part of the flame, the larger particles coagulate almost exclusively with small
particles due to a higher coagulation probability forming slightly aggregated particles. The use of
a realistic size distribution reduces the mean size of candidate particles selected for coagulation
and hence the degree of aggregation of primary particles at the point of transition. Ounce
nucleation has ceased, the small particles are rapidly scavenged by the large particles and
transition occurs. From this point in the flame onward, the larger particles can be regarded as
primary particles. It was found that surface growth acting on the particles in the post-nucleation
zone was able to recover the spherical shape of the primary particles.

The present results provide further support to the mechanism of transition from coalescent
coagulation to fractal-like growth identified in our previous studies and exhibit the significance of
small particles on the formation of spherical primary particles.
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Future Plans

Pre-nucleation Chemistry: In collaboration with William Lester’s group we have continued ab
initio quantum-chemical analysis of reactions that are critical to the development of kinetic
models of aromatic growth. Our current attention is on QMC analysis of small aliphatic
unsaturated C,-Cs radicals, and the A and B states of the cyclopentadienyl radical.

Developing Models for Representing Combustion Chemistry at Varying Levels of Complexity to
Use with Models for Laminar and Turbulent Flow Fields to Describe Combustion Processes:
We have an ongoing collaboration with the Sandia group of Habib Najm on developing and
testing the CSP-PRISM ultra-economical approach to modeling of reactive flows with realistic
chemical kinetics.

Soot Particle Aggregation: We will continue development and analysis of soot particle
aggregation phenomena. Of immediate interest is the analysis of aggregate-aggregate collisions
at a detailed level. Thus far, we examined the trajectories of a single aggregate particle colliding
with surrounding spherical particles and simultaneous surface growth, and aggregate-aggregate
collisions treated in a lumped manner. Our present objective is to perform Monte Carlo
simulations with aggregate-aggregate collisions resolved explicitly.

Homogeneous Nucleation of Carbon Nanoparticles: We will continue molecular dynamics
simulations with on-the-fly quantum forces. Our next objective is to examine formation and
behavior of PAH clusters larger than dimers.

Graphene Structure Growth: OQur primary objective, as the next step in this direction, is to
develop a more versatile computer code that will allow us to explore the new reaction pathways,
identified in the initial phase of this investigation. The code will be written in an object-based
manner, so that to allow a quick addition of (arbitrary) reactions. Likewise, it will allow
consideration of a three-dimensional growth rather than limited to a surface layer. In this way,
we will be able to explore not just the growth of a graphene surface layer, but also the
development of the curvature in the aromatic structures.
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CHEMICAL DYNAMICS IN THE GAS PHASE: QUANTUM MECHANICS OF CHEMICAL
REACTIONS

Stephen K. Gray
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439

E-mail: gray@tcg.anl.gov

PROGRAM SCOPE

This research is in the area of theoretical chemical reaction dynamics. Emphasis is placed on accurate
quantum mechanical studies of the spectroscopy and dynamics of experimentally relevant and
combustion important chemical systems. Wavepacket or time-dependent quantum methods are most
often employed and/or developed, owing both to their simplicity and the intuitive mechanistic pictures
they can provide. The quantum results so obtained are also used both to gauge the quality of potential
energy surfaces and the validity of more approximate theoretical methods such as quasiclassical
trajectories and transition state theory.

RECENT PROGRESS

A six-dimensional quantum (QM) wavepacket study of the OH + CO — H + CO) reaction was

carried out with Medvedev, Goldfield, Schatz and co-workers [1]. A four-atom implementation [2] of
the real wave packet (RWP) method [3] was employed. The Lakin-Troya-Schatz-Harding (LTSH)
ground electronic state potential function [4], which includes the latest ab initio extrema, was used. In
addition to minima associated with the well-known cis and trans HOCO complexes, the LTSH surface
includes minima associated with the more weakly bonded (linear) reactant channel complexes,

OH---CO, which have been the focus of recent experimental work of Lester and co-workers [5,6].
While the QM calculations were restricted to total angular momentum J = 0 and reactants in their ground
states, extensive quasiclassical trajectory (QCT) calculations were also carried out both in this Iimit and
for general initial conditions. Both QM and QCT calculations showed that the reactant channel minima
can enhance the reactivity at moderate collision energies (e.g., 0.1 eV). However, for moderate and
especially lower collision energies we found significant discrepancies in the magnitudes of the QM and
QCT reaction probabilities, indicating that zero-point violation can significantly impact the quantitative
reliability of the QCT results. Finally, our results still lead to significant differences between
experimental and theoretical rate constants in the low temperature regime, which cannot be easily
explained by any of the effects noted. This may imply that still more accurate estimates of some
features of the global potential energy surface, such as the exit channel barrier, need to be made and
incorporated into the LTSH potential function. '

Calculations on the unimolecular decay of state-selected unimolecular OH---CO complexes, in order to
compare more directly with recent experimental work of Pond and Lester [6], were also carried out [7].
Using methods similar to those we used in a study of resonances in H,O [8], we obtained estimates of

the relevant metastable states corresponding to OH:--CO complexes. We considered propagation of
such a complex corresponding to two quanta of vibrational excitation in OH and zero-point energy in the
remaining modes. This particular complex decay is dominated by simple break-up to form OH and CO
as opposed to formation of HOCO and/or H + CO,. Despite some apparent inadequacies of the LTSH
potential associated with overall reaction to form H + CO, noted above, reasonable agreement with the
results of Pond and Lester [6], both in terms of OH and CO product distributions and complex lifetimes,
was found. We also confirmed that the there are two pathways to the decay of these complexes, one a
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direct transfer of one OH quantum to translational/rotational motion (V-T) and the other ihvolving also a
near resonant vibrational excitation of the CO (V-V) [6, 7].

FUTURE PLANS

We will extend our study of the decay of reactant channel OH---CO complexes to excited bend states.
These states are interesting because of the increased chance of forming HOCO complexes and thus H +
CO, products. We hope to explicitly answer the question regarding the relative contribution of such
processes in the experiments of Pond and Lester [6]. As with our earlier study of OH + CO reaction
dynamics [1], these will be computationally challenging calculations, requiring the use of a high
performance parallel computing environment. Another interesting unimolecular system we will
consider, in collaboration with G. E. Hall (BNL), is NCCN — 2CN. This system has been studied
experimentally by North and Hall [9]. An accurate ab initio based potential energy surface has been.
developed recently by Harding (private communication) and we have already initiated wave packet
calculations on NCCN unimolecular decay, with the hope of understanding the origins of the
experimentally observed velocity-angular momentum vector correlations and rotational product
distributions. '

The quantum reaction dynamics of CH + H, — CH, + H, its reverse reaction and the unimolecular
decay of CH3 complexes will be studied with the RWP method [2, 3]. These reactions are important in
combustion because they lead to the equilibration of CH and CH,, and there are interesting experimental
results available for comparison [10-13]. Among the fundamental questions quantum dynamics can
answer include the nature of the formation and breakup of CH3" complexes. Harding has recently

developed a high-level potential energy surface for studying this system, and we will extend the existing
RWP code, applicable to AB+CD reactants, to the ABC+D case. .
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Computer-Aided Construction of Chemical Kinetic Models

William H. Green, Jr., MIT Department of Chemical Engineering,
77 Massachusetts Ave., Cambridge, MA 02139. email: whgreen@mit.edu

Project Scope
The combustion chemistry of even simple fuels can be extremely complex,

involving hundreds or thousands of kinetically significant species. The most reasonable
way to deal with this complexity is to use a computer not only to numerically solve the
kinetic model, but also to construct the kinetic model in the first place. We are
developing the methods needed to make computer-construction of accurate combustion
models practical, as well as tools to make it feasible to handle and solve the resultmg
large kinetic models with rigorous error control.

Recent Progress _

- We have applied the new tools we have developed to several technological
problems, including the very complex pyrolysis chemistry of simple fuels, and (with
additional support from DOE’s Transportation Technologies division) to predict the
performance of homogeneous charge compression-ignition (HCCI) engines. We also
have begun to address the serious human-interface issues: developing methods to
document the large mechanisms constructed using computer-aided modeling software,
and to make it feasible for humans to see (and so be able to check) the assumptions
underlying the kinetic simulation. (This last IT-oriented effort is financially supported
primarily by DOE’s MICS division and by NSF, but of course if crucial to make progress
on combustion of real fuels.)

The research necessarily spans the range from quantum chemical calculations on
individual molecules and elementary-step reactions, through the development of
improved rate/thermo estimation procedures based on generalizations, to the creation of
algorithms and software for constructing and solving the simulations.

Notable accomplishments during this grant period include:

1) Development of first software able to construct kinetics models with
consistent treatment of chemically-activated reactions (including
automated k(T,P) calculations). This software allowed us to accurately
predict the highly nonlinear and strongly pressure-dependent kinetics of
autocatalytic methane and ethane pyrolysis (to form unsaturated cyclics
and ultimately coke/soot). [15,16] This work was recognized with the
ACS Division of Fuel Chemistry’s Glenn Award.

2) Identification of the fundamental cause of HCCI engine knock,
development of the best and most numerically efficient predictive
HCCI engine simulator, and use of same to design improved HCCI
engines.[18]

3) Development of the first rigorous method for controlling the error
associated with use of reduced chemistry models in CFD reacting-flow
simulations. Also, the first software for determining a range of reaction
conditions over which any reduced model is guaranteed to be accurate
to any specified tolerance.[9,10,13,14,20]

108



4) Development of rate and thermochemical estimates based on quantum
chemical calculations for unsaturates, and for many types of oxygen-
containing radicals.[17,19,22] We have also developed a very accurate
method for predicting the thermochemistry of polycyclic aromatic
hydrocarbons, and recently submitted that work for publication in the
Journal of the American Chemical Society.

Future Plans

We are now preparing a public version of our kinetic modeling software, and a
corresponding rate and thermo estimation parameter database, suitable for wide
distribution among the combustion chemistry community. In addition to speeding the
construction of chemistry models needed for different applications, we believe that the
transparency of the assumptions in our approach will facilitate high quality peer reviews,
and so improve the quality of large combustion chemistry models. (With existing
software and approaches, it 1s very difficult to check the large models.)

We will apply our new high-accuracy method for predicting PAH
thermochemistry to develop a thermodynamically-consistent soot formation model.
(Most existing soot-formation models include some irreversible steps. Many of the steps
in soot formation are partially equilibrated, so the thermochemistry is crucial.)

We will also compute the thermochemistry and rates for reactions important in
combustion of organic nitrogen and organic phosphorus compounds. Preliminary
predictions of the high temperature oxidation of methyl phosphonic acid are in very
encouraging agreement with experiment.
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HIGH-RESOLUTION SPECTROSCOPIC PROBES OF CHEMICAL DYNAMICS'

Gregory E. Hall (gehall@bnl.gov)
Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973-5000

PROGRAM SCOPE

This research is carried out as part of the Gas Phase Molecular Dynamics group program in the
Chemistry Department at Brookhaven National Laboratory. High-resolution spectroscopic tools
are developed and applied to problems in chemical dynamics. Recent topics have included the
state-resolved studies of collision-induced electronic energy transfer, dynamics of barrierless
unimolecular reactions, and the kinetics and spectroscopy of transient species.

RECENT PROGRESS

Collision-induced singlet-triplet transitions in CH,
The chemistry of methylene depends dramatically on its electronic spin state, and most realistic
combustion models treat singlet and triplet CH, as separate chemical species. They have
different formation and loss reactions, but also a surprisingly efficient collision-induced
interconversion process that can be fast enough to compete with gas kinetic reactive channels. A
sparse set of rovibrational levels of “mixed state” character can arise via spin-orbit coupling when
singlet and triplet levels of the correct symmetry are nearly degenerate. These special mixed
states are thought to act as doorways through which population can transfer from singlet to triplet
manifolds by means of collisions that resemble pure rotational energy transfer collisions, and do
not require any additional spin mixing during the collision. We have been exploring this process
with transient FM spectroscopy to record the time-resolved Doppler absorption spectra of a
selection of rotational states of CH,, starting with nascent photofragments from the well-
characterized ketene dissociation at 308 nm, and following the subsequent collisional evolution of
populations and Doppler profiles. The observations characterize the translational and rotational
thermalization process in
competition with reactive and
non-reactive quenching,
preceding and blending into the
time regime of conventionally
studied steady-state kinetics. Our
measurements show that there are
indeed marked differences in the
kinetics of the known mixed state
levels and others with purely
singlet character. A surprise
observation is that the two
- components of several observed
pairs of mixed triplet and singlet
0053 0.0 0]5 1?0 1.|5 2!0 25 levels appear to be kinetically
coupled more strongly to one
another than to nearby levels of
pure singlet or triplet character.
Figure 1 shows for example, the
dominant triplet component of a
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Figure 1. Decay kinetics of the two components of a mixed
state derived from 83.

"This work was performed at Brookhaven National Laboratory under Contract No. DE_AC02_98CH10886
with the U.S. Department of Energy and supported by its Division of Chemical Sciences.
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mixed pair is weak initially, but grows within a few hundred nsec to match the shape of the
dominant singlet component. The convergence is even faster than the translational thermalization
in this sample mixture. At longer times, following translational and rotational relaxation, we
observe clear double-exponential decays of singlet methylene, consistent with reversible
intersystem crossing with vibrationally excited triplet CH,, as shown in Figure 2. The two nuclear
spin modifications of singlet CH, show distinct kinetic differences, most significantly in the ratio
of fast to slow decay amplitudes. We attribute these kinetic differences to the different set of
perturbed levels in the ortho and para manifolds. Work on this problem is continuing and
extensions to other collision partners, as well as new experimental probes are discussed in the
following sections.
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Figure 2. Linear and log plots of CH, decay at two different Ar pressures

Dynamical aids to assignment in the spectroscopy of methylene
We have exploited the tools of photodissociation dynamics and nonequilibrium kinetics for the
purpose of extending, confirming, and correcting spectroscopic assignments in the notoriously

challenging b~1Bx < a'A, spectrum of methylene. Following the production of singlet

methylene by 308 nm photolysis of ketene (CH,CO), transient FM absorption spectra in the near-
infrared have been collected under stable, low pressure conditions. Nascent line widths vary
systematically with the energy of the detected rovibronic state, as do the initial relaxation kinetics
prior to establishment of a steady-state rotational distribution near room temperature. Calibrating
these properties with a set of assigned lines provides a guide to the identification of previously
unassigned lines in the complex spectrum. This information led to new or corrected assignments
of many spectral lines, including the assignment of new spectral features involving higher-lying
rotational levels than had previously been identified in the radical. '

Photochemistry of bromoform

Bromoform, HCBr; has long been used as a precursor for photolytic production of several species
of interest to combustion and atmospheric chemistry, particularly CH in ground and excited
electronic states, despite a complex, power-dependent mixture of other fragmentation products
including Br, Br,, CBr,, CBr, HBr, HCBr, HCBr; and even bimolecular products such as C, and
C,;Br. We have used our FM spectrometer to characterize the power-dependent yield of HCBr at
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several UV wavelengths, to test the proposition that there is a single-photon channel in the mid-
UV leading to Br, + HCBr. Our results augment the translational spectroscopy results from the
Berkeley ALS experiments (by our collaborator Prof. S. North at Texas A&M), and support the
mterpretation that Br + CHBr, is the only important one-photon fragmentation pathway at 248
nm.

Correlated photochemistry: CH,CO

Velocity-resolved measurements of spectroscopically-selected photofragments from mono-
energetically excited precursors permits a determination of the correlated state distribution of
products. In the case of ground state dissociation following nonradiative conversion from an
optically prepared initial state, such measurements may .provide insights into energy
randomization in an 1solated molecule, and the dynamics of energy flow beyond the transition
state. Recent measurements in collaboration with Arthur Suits have provided sliced ion imaging
data for the CO fragment of ketene dissociation with remarkable velocity resolution. Preliminary
analysis has been devoted to characterizing the resolution and image analysis tools appropriate
for the new method of sliced ion imaging. Despite the relatively low and nearly continuous
distribution of recoil velocities for the CO fragments, under optimized conditions, multiple rings
in the CO images are observed, corresponding to the irregular density of CH, rotational states.
An effective velocity resolution on the order of 10 m/s for fragments with no more than 800 m/s
of recoil velocity will allow a detailed analysis of the product correlations in this prototypical
case study of barrierless microcanonical dissociation.

FUTURE WORK

Nonequilibrium kinetics of singlet CH,

Following clarification of the intersystem crossing kinetics with rare gases, similar measurements
in the presence of reactive gases such as H,O, O, and H, will be performed. Compared to the rare
gases, we will look for differences in the evolution of the state distribution and total singlet
survival probability as the nascent CH, ensemble relaxes toward a steady-state, exponential
decay. Qualitatively, we seek the relative rates of translational and rotational relaxation compared
to the total disappearance rates, as well as the relative rates of disappearance before and after
thermalization. Contrasting the kinetics of the mixed states with the unperturbed singlet levels
may also provide some additional information about the role of triplet CH, in these collision
systems. = Questions regarding an efficient, complex-mediated mechanism for vibrational
relaxation of singlet CH, (0,1,0) by water should also be directly accessible by dynamical
calculations on the singlet CH;OH potential surface discussed above for the set of related
reactions O('D) + CH,, CH; + OH and 'CH, + H,0. Recent work from the laboratories of
Hancock (Oxford) and Pilling (Leeds) on the 'CH, + O, reaction indicating that quenching to
’CH, is the only significant channel implies that mixed states have little to do with this much
more efficient intersystem crossing process. We have the tools in hand to explore these
Interesting questions. ' :

Double-resonance studies of energy transfer in CH,

We plan new experiments in which individual CH, rotational levels are bleached by a tunable ns
dye laser operating in the 590 nm region, while monitoring the populations of the same or nearby
rotational levels with near-infrared transient FM spectroscopy. Initial experiments will be
required to characterize saturation recovery and saturation transfer as measured by this new
technique using “normal” rotational levels. Propensities in state-changing collisions in terms of
energy gaps or angular momentum gaps may be observed. Particularly interesting will be the
behavior following saturation of single components of a mixed-state pair. The double resonance
experiments, combined with the kinetic modeling of pre-steady state kinetics of the multi-state
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relaxation can provide a uniquely detailed test of the mixed-state model for surface crossing in
the small molecule limit.

Correlated photochemistry: NCCN

Doppler-resolved transient FM spectra of CN photoproducts from jet-cooled NCCN
photodissociation provide signatures of the dissociation dynamics through correlated state
distributions and rotational polarization measurements. Each of these properties differs from a
statistical prediction for reasons that are unclear, but potentially revealing. A theoretical
collaboration with S. Gray (ANL) is investigating the effect of the ground-state potential beyond
the transition state on the product distribution and the rotational polarization. A key question is
the rate of energy flow in and out of the torsional coordinate in the energized molecule. Such low
frequency modes dominate the density of states and are crucial in statistical theory. In a low total
angular momentum system, this motion correlates to product channels with fragment rotation
axes parallel to the recoil direction, and these fragment channels appear to be underrepresented in
the experimental distributions.

DOE SPONSORED PUBLICATIONS SINCE 2001
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An ab initio molecular dynamics study of Sy ketene fragmentation
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SPECTROSCOPY AND KINETICS OF COMBUSTION GASES
AT HIGH TEMPERATURES

Ronald K. Hanson and Craig T. Bowman
Department of Mechanical Engineering
Stanford University, Stanford, CA 94305-3032
hanson@me.stanford.edu, bowman(@navier.stanford.edu

Program Scope

This program involves two complementary activities: (1) development and application of cw
laser absorption methods for the measurement of concentration time-histories and fundamental
spectroscopic parameters for species of interest in combustion; and (2) shock tube studies of reaction
kinetics relevant to combustion. Species investigated in the spectroscopic portion of the research
include OH, CH; and NCN using narrow-linewidth ring dye laser absorption. Reactions of interest
in the shock tube kinetics portion of the research include: CH; + O, — Products; C,Hg — 2CHj;
C3;Hs — CH; + C;Hs; and CH+N; — NCN +H.

Recent Progress: Shock Tube Chemical Kinetics

CH; + Oy — Products:

The reaction of methyl radicals (CH;) with molecular oxygen (O3) plays a major role in the
oxidation of many alkanes. The two well-known bimolecular product channels are the dominant
reaction pathways at combustion temperatures:

CH; +0, > CH;0+0 (1a)
- CH,0 + OH (1b)

We have investigated the reaction of CHjz with O, in high-temperature shock tube experiments from
1600 to 2700 K. The overall reaction rate coefficient, ki=k,7kip, and individual rate coefficients for
the two high-temperature product channels were determined in ultra-lean mixtures of CHsl and O, in
Ar/He. Narrow-linewidth UV laser absorption at 306.7 nm was used to measure OH concentrations,
for which the normalized rise time is sensitive to the overall rate coefficient k; but relatively
insensitive to the branching ratio of the individual channels and to secondary reactions. Atomic
resonance absorption spectroscopy measurements of O-atoms were used for a direct measurement of
channel (1a). Through the combination of measurements using the two different diagnostics, rate
coefficient expressions for both channels were determined. Over the temperature range 1600 to 2400
K, kia = 6.1x107 T"® exp(-14200/T) cm’mol's™" and kip = 69 T*° exp(-4900/T) cm’mol’'s™. The
overall rate coefficient is in close agreement with a recent ab initio calculation and one other shock
tube study, while comparison of ki, and ki to these and other experimental studies yields mixed
results. In contrast to one recent experimental study, reaction (1b) is found to be the dominant
channel over the entire experimental temperature range. Final analysis of these data including
detailed uncertainty analysis is nearly complete.
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Ethane and Propane Decomposition:

The alkane decomposition reactions are important initiation steps in the detailed reaction
mechanisms describing alkane oxidation and in describing global combustion phenomena such as
ignition times. The decomposition rates of ethane and propane in the fall-off regime at high
temperatures were studied in a shock tube using UV narrow-line laser absorption of CHj at 216.6
nm. Experimental conditions ranged from 1350 to 2050 K and 0.13 to 8.4 atm with mixtures varying
in concentration from 100 to 400 ppm of ethane or propane dilute in argon. Decomposition rate
coefficients were determined by monitoring the formation rate of CH; immediately behind shock
waves and modeling the CH; formation with a detailed kinetic model. Calculations were performed
using RRKM/master equation analysis with a restricted (hindered) Gorin model for the transition
state and fit to the current high temperature dissociation data as well as previous low temperature
recombination measurements. The decomposition rate coefficient is in good agreement with the
recent calculations of Klippenstein et al. Representative ethane falloff data are presented in Fig. 1.
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Recent Progress: Spectroscopy

CH; Absorption Coefficient: We have measured the absorption coefficient (ky) of CH; near 216 nm
using external-frequency-doubled laser radiation. The increased power and reduced noise available
with this technique, over the previous internal-frequency-doubling technique, has permitted a
substantially more accurate measurement of ky; see Fig. 2. Three precursors were used as sources of
methyl radicals: azomethane CH3;N=NCHj3; which was used at the lowest temperatures, down to 1200
K, methyl iodide CH;I which was used at intermediate temperatures between 1600 and 2000 K, and
ethane C;Hg which was used at the highest tempeiamres up to 2500 K. Excellent agreement in the
measured absorption coefficients was found among the different precursors in the overlapping
. temperature regions. Measurements of the absorption coefficient over a range of wavelengths 210 to
220 nm were also made and compared to those predicted from a symmetric top model. Accurate
expressions for the variation of this absorption coefficient with wavelength and temperature are
critical to making accurate, quantitative measurements of CHj species concentration in our ongoing
studies of hydrocarbon kinetics. '
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The least-squares-fit expression for the CH; absorption coefficient at 216.62 nm over the
temperature range 1200 to 2500 K is:

ko crz = 1.475 x 10° 779 exp(2109 K/T) atm™ em™ (£5%).
Future Plans

1) Continue development of external-cavity frequency-doubling methods for the generation
of laser radiation in the deep ultraviolet. Apply these frequency-doubling methods to wavelengths of
interest including the detection of CH; at 216 nm, the detection of NCN at 329 nm, and the
detection of HCO at 230 and 258 nm. 2) Develop multi-pass techniques to improve the sensitivity of
current OH laser absorption measurements. 3) Develop experimental approaches to measure the
overall rate and product branching ratio of the reaction CH+N; — NCN+H using laser absorption.
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Theoretical Studies of Potential Energy Surfaces*

Lawrence B. Harding
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439
harding@anl.gov

Program Scope

The goal of this program is to calculate accurate potential energy surfaces for both reactive and
non-reactive systems. Our approach 1s to use state-of-the-art electronic structure methods (MR-
CI, CCSD(T), etc.) to characterize multi-dimensional potential energy surfaces. Depending on
the nature of the problem, the calculations may focus on local regions of a potential surface (for
example, the vicinity of a minimum or transition state), or may cover the surface globally. A
second aspect of this program is the development of techniques to fit multi-dimensional potential
surfaces to convenient, global, analytic functions that can then be used in dynamics calculations.
Finally a third part of this program involves the use of direct dynamics for high dimensional
problems to by-pass the need for surface fitting.

Recent Results

Radical-Radical Recombinations: In collaboration with Klippenstein (Sandia-CRF) we have
completed a study of oxygen atoms with methyl, ethyl and vinyl radicals. The calculations,
focusing on the initial addition, employed MR-CI calculations based on state-averaged CASSCF
calculations to allow for the characterization of the three states that correlate with ground state
reactants. In each case two of the three states are found to be reactive. VRC-TST calculations
were used to calculate high pressure limit recombination rates. For O+CH,, the calculated rate is
in excellent agreement with measurements by Micahel et al, Fockenberg et al and Slagle et al.
For O+C,Hj, the calculated rate is 20-40% below measurements by Hack et al and Slagle et al,
while for O+C,H, the calculations are roughly a factor of 2 above a single measurement by
Heinemann e al.

Also in collaboration with Klippenstein we have developed a new approach that will allow us to
extend these kinds of calculations to much larger systems. The key to the new approach comes
from a comparison of radical-radical interaction potentials calculated at the CAS+1+2/aug-cc-
pvtz and CAS/cc-pvdz levels. We find that simple, one dimensional, R-dependent but orientation
independent corrections for the CAS/cc-pvdz potentials yields potentials in very good agreement
with the more accurate but much more costly CAS+1+2/aug-cc-pvtz potentials. This approach
has now been tested for H+CH,, H+CCH, H+C,H;, H+C,H, and CH,+CH,, comparing rates
calculated using the corrected CAS/cc-pvdz potentials to rates calculated with the full
CAS+1+2/aug-cc-pvtz potentials. The differences between the two predictions are found to be
10% or less in all cases. We have now used this new approach to calculate addition rates for
some larger radicals. The results of these calculations are displayed in Figures 1 and 2.
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Figure 1. Calculated high pressure limit rate Figure 2. Calculated high pressure limit rate
constants for H + R' additions constants for R" + R’ additions.

H,CO: In a collaborative effort with Bowman (Emory University) we have fit a new analytic
potential surface for H,CO that gives a realistic description of the molecular decomposition,
radical decomposition and isomerization pathways. The fit melds CCSD(T) and MR-CI
calculations both done with the aug-cc-pvtz basis set. Approximately 80,000 CCSD(T)
calculations where done at Emory to characterize the H,CO minimum, the cis and trans HCOH
isomers, the H,+CO asymptote, and the saddle points connecting these minima. An additional
50,000 MR-CI calculations were done at Argonne to characterize the H+HCO and the 2H+CO
asymptotes and the H+HCO — H,CO and the H+HCO — H,+CO paths. The CCSD(T) and MR-
ClI calculations were fit separately to direct product, multinomials in Morse variables. The
separate fits were then connected by switching functions. This is the first analytic potential to
have realistic characterizations of both the radical and molecular channels. In the near future we
plan to use this surface in simulations to examine the question of a possible second molecular
channel in the fragmentation of formaldehyde as suggested by Moore et al.'

CH;: We have completed a new analytic surface for CH; which gives a realistic description of
the two lowest decomposition pathways, :

CH;, -— CH+H,
- CH,+H

Over 25,000 ab initio (CAS+1+2/aug-cc-pvtz) calculations were done. This expands to a total of
over 100,000 points when permutation symmetry is applied. The fit is a full 6" order direct
product, multinomial in Morse variables consisting of 924 terms. The points with energies less
than 115 kcal/mole above CH; (the energy of the higher asymptote — CH,+H) are fit with an
RMS error of less than 1 kcal/mole. It is planned to use this surface in the near future to study the
decomposition of CH; and the reactions of CH+H, and CH,+H.
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H+H,CCH,: We have completed high level, CCSD(T)/aug-cc-pvqz calculations on the reaction,
H(D) + C,H, — C,H, (C,H,D) (1)

The calculated CCSD(T) barrier height for (1) is 1.9 kcal/mole. The calculated transition state
parameters have been used by Wagner to model new high temperature experiments by Michael.
The theoretical and experimental results are found to be in excellent agreement.

Future Plans

We plan to extend the approach we developed this year for radical-radical recombination
reactions to include resonance stabilized radicals. We will again start by looking at several
systems which are small enough to allow high level CAS+1+2/aug-cc-pvtz calculations for
purposes of validating the new approach. Two such reaction are,

H+NCN
H+HCCCH

HNCN
H,CCCH

—>
—>

Both of these reactions are also of interest for combustion modeling applications. The ultimate
goal of this work will be to treat recombinations, such as propargyl + propargyl, thought to be of
importance in soot formatior.

Acknowledgement: This work was performed under the auspices of the Office of Basic Energy
Sciences, Division of Chemical Sciences, Geosciences and Biosciences, U.S. Department of
Energy, under Contract W-31-109-Eng-38.
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Femtosecond Laser Studies of Ultrafast Intramolecular Processes
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Program Scope

The purpose of this research program is to characterize important fundamental chemical
processes by probing them directly in time. In this work femtosecond laser pulses are used to
initiate chemical processes and follow their progress. The development of new techniques that
take advantage of the time resolution provided by femtosecond lasers for studies of chemical
processes is an integral part of this research.

Our research focuses on studies of ultrafast energy relaxation and unimolecular reaction
processes in highly excited molecules. The goal of these studies is to provide measurements of
the time scales for elementary chemical processes that play critical roles in the reaction
mechanisms of highly excited reaction intermediates, such as those created in combustion
environments by either thermal excitation or exothermic addition reactions. For these studies we
have developed the technique of time-resolved photoelectron-photoion coincidence imaging
The apparatus constructed for this work measures fragment recoil velocities and photoelectron
velocities in coincidence. This approach provides a wealth of new capabilities for femtosecond
time-resolved experiments. Using this technique we have made unique measurements of time-
resolved energy correlation spectra for the study of complex dissociation processes1 and also
measured tzime-resolved, molecular frame photoelectron angular distributions from dissociating
molecules.

Recent Progress:

Time-resolved studies of CF;l dissociative ionization

We have collaborated for several years with Dr. Anouk Rijs and Prof. Maurice Janssen at
Vrije University, Amsterdam, The Netherlands, on studies of the dissociative multiphoton
ionization of CF;I. In these studies the molecule is two-photon excited with a 264 nm pulse in
the region of the 7s Rydberg state. The excited molecule is then probed by time-delayed
ionization. The lower energy region of the 6s5-6p Rydberg states has been extensively
investigated using two-photon excitation with nanosecond lasers.>* However, the 7s Rydberg
state is difficult to access with two photons using nanosecond lasers due to one-photon resonance
with the rapidly dissociating A band. Our femtosecond experiments reveal a rapidly evolving
neutral state in the region of the 7s Rydberg state that upon ionization yields both CF;" and I" in
conjunction with a substantial contribution from parent ionization.® The maximum production of
fragment ions occurs when the ionization pulse is delayed by about 100 fs and the fragment ion
vield decays with a time constant of approximately 250 fs. Very rapid changes in the vibrational
energy distribution in the neutral molecule are observed, resulting in rapid changes in the
lonization and fragmentation of the molecule.

The dynamics in the neutral molecule at the two-photon level are difficult to unravel
because of the complex ionization dynamics induced by the probe laser pulse in this system.
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With the coincidence imaging technique we measure the recoil energy of the electrons and
fragment ions from individual ionization events. This energy accounting makes it possible to
determine the number of photons involved in different ionization processes and select single
photon ionization mechanisms to simplify analysis.

In Figure 1 the energy correlation spectrum is shown for single probe photon dissociative
ionization yielding CF;* at a time delay of 300 fs after excitation. The energy correlation
spectrum shows the joint probability distribution of the center-of-mass fragment recoil energy (x-
axis) and the coincident electron recoil energy (y-axis). The energy correlation spectrum shows
three ionization mechanisms. The peak in the lower left comer, corresponding to slowly
recoiling CF;" in comc1dence with slow electrons, results from near threshold ionization to the
barely accessible CF3* + I(*Py;) limit. A second ionization mechanism results in slowly
recoiling CF3" in coincidence with higher energy electrons with an energy distribution peaking
around 0.85 eV. These slowly recoiling CF;" fragments come from the direct ionization of the
excited neutral molecule to highly vibrationally excited CF5I" that subsequently undergo rapid
dissociation to CF3" + I( P3;). The predominance of this mechanism suggests the neutral
molecule being ionized is vibrationally excited, probably via internal conversion, by the 300 fs
delay time. The third dissociative ionization mechanism produces CF;* with a range of energies
coincident with electrons that have energies of ~0.5 and ~0.7 eV. This process appears as
horizontal stripes on the energy correlation spectrum. We assign this process to electronic
autoionization.

Further information to distinguish the two ionization pathways producing higher energy
electrons is obtained by extracting molecular frame photoelectron angular distributions (PADs)
from the data. These are generated by calculating the angle between the fragment ion recoil
vector and the coincident photoelectron velocity vector. The right side of Fig. 1 shows the PADs
for the different ionization mechanisms. The strong forward-backward asymmetry in the
molecular frame PAD for the process associated with the horizontal stripes in the energy
correlation spectrum results from ionization during dissociation of superexcited CF3;I. The close
proximity of the I atom- when ionization occurs produces a strongly forward-backward .
asymmetric potential for the departing electron, creating the asymmetric PAD. Both the energy
and angular correlations measured with this technique contribute to understanding the ionization
mechanisms.

Future Plans
Time-resolved studies of NO dimer photodissociation

We will continue an ongoing collaboration with Prof. James Shaffer at the University of
Oklahoma and Dr. Albert Stolow at the Steacie Institute, NRC, Canada, to study the UV
photodissociation of NO dimers. In these experiments the NO dimer is excited at ~210 nm then
probed with time-delayed ionization. From previous measurements, both in our lab and at the
Steacie Institute, we know that the dissociation is relatively slow, occurring on a time scale of ~1
ps. Our current experiments are intended to characterize the excited state of the dimer that
undergoes dissociation.

'The ionization of the (NO), excited state produces very predominantly NO®. The
ionization is unusual because both the photoelectron spectrum and the fragment recoil energy
distribution for NO" peak at zero energy. We will investigate the dimer excited state using -
complementary capabilities at the Steacie Institute and Sandia. A magnetic bottle photoelectron
spectrometer in Dr. Stolow’s lab allows very accurate measurements of electron yields versus
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me at many electron energies, while the coincidence imaging method gives simultaneous

measurements of electron and fragment recoil energies.

Using the coincidence imaging apparatus we will study the excited state evolution of the

ethyl radical. Ethyl radicals can be efficiently produced by photolysis of ethyl iodide at 265 nm.
While the radicals will be produced with a range of internal energies we can determine the
energy of each radical from its recoil velocity and the C-I bond energy. The first step in the
study will be the two-photon ionization of the radicals with a femtosecond pulse at 245 nm
following their production with a pulse at 265 nm. Both the measured photoelectron spectrum
and the PAD will provide information on the nature of the excited state.
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Figure 1. Photoelectron-photoion energy correlation spectrum of (e”, CF3") at 300 fs time delay.
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distribution as a function of the cosine of the polar angle. On the far right are three-dimensional
fits to the data.
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1. Scope of Project.

Short-lived reactive radicals and intermediate reaction complexes are believed to play
central roles in combustion, interstellar and atmospheric chemistry. Due to their transient
nature, such molecules are challenging to study experimentally, and our knowledge of
their structure, properties and reactivity is consequently quite limited. To expand this
knowledge, we develop new theoretical methods for reliable computer-based prediction
of the properties of such species. We apply our methods, as well as existing theoretical
approaches, to study prototype radical reactions, often in collaboration with experimental
efforts. These studies help to deepen understanding of the role of reactive intermediates
in diverse areas of chemistry. They also sometimes reveal frontiers where new
theoretical developments are needed in order to permit better calculations in the future.

2. Summary of Recent Major Accomplishments.
2.1 Time-dependent density functional theory calculations.

Density functional theory 1s a simple and effective computational tool for computational
studies of the ground and excited states of radicals. For excited states, time-dependent
density functional theory (TDDFT) provides an in-principle exact framework for the
calculation of excitation energies. Low-lying excited states of radicals can usually be
adequately described using TDDFT with existing functionals. This is exciting because
such states often involve substantial double excitation character that is' tremendously
difficult to describe within wavefunction-based approaches. We have recently reported
an extension of TDDFT [8] that permits the description of diradicals with good accuracy
starting from a triplet ground state and flipping a spin. We are exploring chemical
applications of TDDFT, as well as probing its present limitations (see 2.2 below).

The first class of recent chemical applications have been to excited states of
polycyclic aromatic hydrocarbon (PAH) cations which are known to be intermediates in
sooting flames. They are also of relevance in the interstellar medium, as a likely source
of the diffuse interstellar bands (DIB’s). We have completed a large series of
calculations of most PAH cations for which reliable experimental results are available,
and demonstrated that accuracy of about 0.3 eV or better for excited states is attainable
via TDDDF [16]. Additionally we have participated in a number of joint theoretical and
experimental studies of PAH species [1,10,12], where the main features of the electronic
spectra have been assigned to calculated excited states. Trends in oscillator strength in
homologous series of PAH's also have interesting astrophysical implications, which we
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have explored [9]. Applications such as these {1,9,10,12] are now becoming relatively
routine (they are feasible for systems up to about 100 non-hydrogen atoms are feasible on
workstations or fast PC’s), and yet were completely unfeasible a decade ago.

A second class of chemical applications of TDDFT involves excited states in
biological systems. We have characterized the excited states of CO bound to a reduced
model of myoglobin [6,14], to probe the origin of the ultrafast photodissociation seen
experimentally. We showed that a state which is dissociative in the metal-ligand
coordinate crosses the lowest allowed excited state for small stretches of the M-L
distance. We have also performed TDDFT calculations on the excited states of models of
chlorophyll and associated corotenoids that are found in the photosynthetic light-
harvesting complex [18,20,21]. Our calculations [18,21] have possible relevance to the
mechanism of non-photochemical quenching (NPQ), the process by which excited
chlorophyll molecules are directly relaxed under high-light conditions to prevent damage
to the reaction center. We have shown that both direct singlet-singlet excitation energy
transfer, and also a novel electron transfer reaction are energetically feasible. If the latter
process is operative, we suggest that it may be experimentally probed by seeking the
spectral signature of the corotenoid radical cation under high-light conditions.

2.2 Failure of TDDFT for charge-transfer excited states.

While time-dependent density functional theory (TDDFT) calculations are very valuable
for broad classes of chemical applications (as exemplified by the studies in Sec. 2.1), it is
not yet a complete panacea for the problem of accurate excited state calculations.
Today's density functionals are known to yield an incorrect representation of Rydberg
excited states, in particular. There are also a number of reports suggesting poor results
for charge-transfer excited states. We have recently examined the charge-transfer
problem in considerable detail {9,21,26], and, for the first time clarified both the nature of
the problem, and its origin. We showed that the long-range Coulomb attraction that
should exist between the donor and acceptor is entirely absent in TDDFT using local and
gradient corrected functionals. A correct description requires 100% non-local exact
exchange. Thus the popular B3LYP functional, which includes 20% exact exchange, has
20% of the correct Coulomb attraction! We also suggested a simple work-around which
uses a hybrid of single excitation CI (CIS) (which has 100% exact exchange) for charge-
transfer excited states, and regular TDDFT for the localized excitations. This approach
corrects CIS using ground state DFT calculations at long range, and proved successful in
the applications to chlorophyll-corotenoid charge-transfer excited states discussed above.

2.3 New methods for high accuracy electronic structure calculations.

While density functional calculations are extremely valuable, the highest levels of
accuracy currently possible come from wavefunction-based electronic structure
calculations, such as CCSD(T) (which are also dramatically more expensive). Yet for
radicals, CCSD(T) quite often performs more poorly than for closed shell molecules. To
try to overcome the deficiencies of (T) corrections for radicals and for the related
problem of bond-dissociation to radical fragments, we have developed a new correction
to singles and doubles coupled cluster methods [2,3]. These (2) methods have yielded
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promising results on highly correlated systems already [2,3]. Additionally we have
investigated the origin of the relatively poor results obtained with CCSD(T), and
discovered that they can be greatly improved by using different orbitals [15]. The Kohn-
Sham orbitals, which are more resistant to symmetry breaking, are the simplest
alternative that greatly improves on the usual choice of Hartree-Fock orbitals.

2.4 Characterizing unpaired electrons in radicals.

We have recently proposed a new definition of the unpaired electrons in molecules
[11,24], which has a formal advantage over the "distribution of unpaired electrons" that
has been explored in recent years. In particular, the latter can in principle yield more
unpaired electrons than there are electrons in the molecule, while our new definition does
not. We hope to explore practical applications of this property in the future.

3. Summary of Research Plans.

o Exploration of ways to solve the charge-transfer problem in TDDFT

o Analytical gradients for TDDFT

e Development and testing of simpler coupled cluster methods for radicals

e Joint theoretical-experimental studies on systems that challenge the limits of theory
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Time-resolved infrared diode laser spectroscopy is used in our laboratory to study
the kinetics and product channel dynamics of chemical reactions of importance in the gas-
phase combustion chemustry of nitrogen-containing radicals. This program is aimed at
improving the kinetic database of reactions crucial to the modeling of NOy control
strategies such as Thermal de-NO,, RAPRENOy, and NO-reburning. The data obtained is
also useful in the modeling of propellant chemistry. The emphasis in our study is the
quantitative measurement of both total rate constants and product branching ratios.

HCCO+NO Reaction

We have renewed our investigation of the HCCO+NO reaction, which is an important
step in NO-reburning mechanisms. Two channels are active:

HCCO+NO — HCN+CO, (1a)

— CO + HCNO (1b)

Previous experimental measurements of the branching ratio have varied from $(CO,)=0.12-
0.28,1-3 with the lower number originating from our laboratory. Previous studies have
suffered from significant secondary chemistry. Some studies have used the O+C,H, reaction
to make HCCO, and some have used 193-nm photolysis of CH,CO. Both of these methods
produce substantial yields of CH, radicals, which react with NO, producing primarily
HCNO+H. Following a suggestion of Richard Bersohn and some mass spectrometric
experiments of Laurie Butler, we are using ethyl ethynyl ether, C,HsOCCH, as our precursor:

C,H5;OCCH + hv (193 nm) —> C,Hs + HCCO )

This precursor was recently used by David Osborn in his study of the HCCO+0O, reaction.# It
appears to be a cleaner HCCO source than previous methods, but still produces a significant
CO background (i.e., CO 1s produced upon 193-nm photolysis of a C,HsOCCH/buffer gas
mixture). The mechanism of CO formation is not entirely clear. Some may originate from
multiple photon effects, or HCCO photolysis, but we find a nearly linear pulse energy
dependence. Some CO may be produced by reactions of HCCO which are suppressed in the
presence of an excess of NO. Because of the uncertainties associated with this background,
we have chosen to measure the branching ratio of reaction (1) by quantifying the HCNO
product rather than CO. This approach presents its own challenges. Quantifying the yields is
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straitforward for CO,, but more difficult for HCNO, for which published infrared absorption
linestrengths are not available. We have calibrated the HCNO transient signals in two different
ways:

Method 1) Photolysis of ketene at 193 nm in the presence of NO produces HCNO by the
pathway:

CH,CO + hv (193 nm) — CH, + CO - (3a)
—»HCCO +H (3b)

HCCO + NO — HCN+ CO, (1a)
— CO + HCNO (1b)

CH, + NO —>HCNO + H (4)

Since the primary ketene photolysis products are CH, + CO, most of the fulminic acid comes’
from reaction (4), which has an estimated branching ratio for HCNO production of 84%.° By
measuring the 193-nm absorption coefficient of our ketene sample, we can estimate the
number of radicals produced and-therefore the number of HCNO molecules, assuming an
excess of NO ensures complete conversion. Comparison of this calculated [HCNO] to the
transient signal provides the calibration.

Method 2) The more straitforward way is to synthesize authentic samples of pure HCNO, and
measure the static infrared absorption coefficients. After several attempts, we have been able
to synthesize and purify small quantities of this reagent, which is sufficiently stable if used the
same day.

Using Calibration method #1, we obtain ¢, =0.116 and ¢, = 0.884. Using method #2, we
obtain ¢;,=0.114 and ¢,,=0.886 (in both cases, we assume that no channels other than (1a)
and (1b) are active). In summary, both calibration methods are in excellent agreement, and
confirm our previous conclusions that the HCN + CO, channel is only a very minor
contribution.

HCNO Kinetics

There is virtually no literature data available on the kinetics of the fulminic acid
molecule. With the realization that this molecule plays an important role in NO reburning
processes,® and the work described above to synthesize pure HCNO, we are in a position to
examine reaction kinetics of this species. The HCNO synthesis is slow and inefficient, but our
reaction cell geometry is ideally suited to dealing with reagents that are only available in small

‘quantities. As a first effort, we have begun work on the CN + HCNO reaction:

CN +HCNO — HCN + (NCO) (52)
—» NO + HCCN | (5b)
— HCCO + N, (5¢)
—» HCC + N,0 (5d)
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Our initial effort is to measure the total rate constants, with product yield studies to follow
later. CN is produced by photolysis of ICN or C;N,, and detected by infrared absorption
spectroscopy. At present, we have a preliminary 296 K rate constant of ks = 3.1x10"11 ¢m3
molecule! 571

Future plans include kinetic measurements of several other radical species reacting with
HCNO, including OH+HCNO, NCO+HCNO, etc.

C,H3 + O, Reaction

In last year’s contractor’s meeting report, Barry Carpenter reported some calculations
on this reaction in an attempt to rationalize a possible minor (~6%) channel for CO,
production, as reported by some IR emission experiments:’

C2H3 + Oz —> CHzO +HCO (63)
—> CH3 + C02 (6b)

Since our apparatus 1s tdeally suited to quantifying CO, yields, we have briefly investigated
this reaction to confirm or refute these observations. Upon photolysis of C,H;B1/0,/SFg
mixtures, we find a small but nonzero CO, yield. We measured the yield of (6a) by probing
CO, assuming rapid conversion of HCO to CO:

HCO +0, —>HNO +CO (7)

Comparison of these product yields gives ¢g,=0.98, dg,= 0.02. Thus the CO, is substantially
smaller than that reported by the emussion experiments. In fact, our CO, yield is small enough
that we can not entirely rule out the possibility that it originates from some unknown
secondary chemustry, possibly involving minor vinyl bromide photolysis channels, or
impurities in the Co;H3;Br sample. Therefore our value for ¢, should be considered an upper
limit.
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Program Scope

Product imaging is being used to investigate several processes important to a
fundamental understanding of combustion. The imaging technique produces a "snapshot"
of the three-dimensional velocity distribution of a state-selected reaction product. Research
in three main areas is planned or underway. First, product imaging will be used to
investigate the reactive scattering of radicals or atoms with species important in
combustion. These experiments, while more difficult than studies of inelastic scattering or
photodissociation, are now becoming feasible. They provide both product distributions of
important processes as well as angular information important to the interpretation of
reaction mechanisms. Preliminary work on the CN +0, reaction has begun. Second, the
imaging technique will be used to measure rotationally inelastic energy transfer on collision
of closed-shell species with important combustion radicals. Such measurements improve
our knowledge of intramolecular potentials and provide important tests of ab initio
calculations. Work on Ar + SO is underway. Finally, experiments using product imaging
will explore the vacuum ultraviolet photodissociation of O,, N,0O, SO,, CO, and other
important species. Little is known about the highly excited electronic states of these
molecules and, in particular, how they dissociate. These studies will provide product
vibrational energy distributions as well as angular information that can aid in
understanding the symmetry and crossings among the excited electronic states

Recent Progress
Photodissociation of O,

Product imaging has been used to investigate the O, (E °X", « X °Z, ) absorption in the 120-
130 nm region. The products for dissociation through v = 0, and 1 of the E state are

~ exclusively O(*D) + O(®*P), to within the error limit of our measurement. The quantum yield
for O(*D) formation is unity for dissociation through v = 1 and 2, but is found both in our
work and in that of Lee and Nee? to be only 0.5 for dissociation through v = 0. Since there
is no other dissociation channel, this observation suggests that the fluorescence rate and
the dissociation rate are comparable following excitation through v = 0.

The angular distribution of the O(*D,) product shows that the product is aligned in the
molecular frame in such a way that J is nearly perpendicular to the axis of recoil between
the two oxygen atoms. This finding is consistent with a homogeneous dissociation along the
repulsive wall of the B state, as might be expected from the fact that the E state is formed
by an avoided crossing between the B state and a 3%, state leading to O('D) + OCP). A
sketch of the relevant potential energy surfaces in shown in the figure on the next page.
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The variation in the anisotropy parameter § with
wavelength across the v = 0 absorption band of the
E « X transition is qualitatively in accord with a E°C,
calculation similar to that used previously for NO,3

but takmg into account the coherent excltatmn of

overlapping lines. \
ppmng BT | o
. . . 1% 1 Ipgn
Two-photon Photodissociation of SO, r O('Dg) + O(P)
: 3 3 '
In a collaboration with researchers at the X, / o(°P) + o(’p)
University of Puerto Rico, multiphoton excitation

and dissociation of SO, has been investigated in
the wavelength range from 224-232 nm. Strong Figure 1. Potential energy curves for O, showing
. evidence is found for two-photon excitation to the g‘(‘;P;Vf’iied crossing that leads to the O('Dy and
H Rydberg state, followed by dissociation to SO + procucts.
O and ionization of the SO product by absorption of a third photon. The two-photon
excitation is resonantly enhanced via the ¢ !B, intermediate state, and the two-photon yield
spectrum thus bears a strong resemblance to the spectrum of this intermediate. Product
imaging of the O(°*P,), S("D,) and SO products suggests that following dissociation of SO,
from the # state, SO is produced in the A and B electronic states. S(*D,) is produced both
from two-photon dissociation of SO, to give S + O, and by single-photon dissociation of SO*.
In the former process, the O, is likely formed in all of its lowest three electronic states.

Current Projects and Future Plans
Photodissociation of N,O

. The 130.2-nm photodissociation of N,O has been investigated using four-wave difference
frequency mixing in krypton to generate the photons, which both dissociate N,O and ionize
O(CP,). Somewhat to our surprise, the 130/212 combination ionized several products. While
the dominant signal when the VUV was tuned to the O resonance was O*, as expected, we
also observed N," and NO", whether or not the 130 nm was tuned to the O resonance.
Three channels are observed: O(*S) + Ny(X) (major); N(*D) + NO(X) (minor); and OC°P) +
N,(4,B) (minor). We have obtained product images by resonantly ionizing the O(°P,) and
N(*Dy,,) atomic products with vacuum ultraviolet radiation. The NO and N, products are
imaged by non-resonant vacuum ultraviolet radiation. Analysis of the images shows that
the N,(X) product has a vibrational distribution that is bimodal, with peaks at v =2 and v =
10. The NO(X) distribution peaks at v = 6. The ratio of N,(A) to N,(B) appears to be near
unity. Current effort is aimed at measuring the relative quantum yields for these channels
and identifying the mechanisms of dissociation.

Vacuum Ultraviolet Photodissociation of CO,
An unsuccessful attempt was made using the Advanced Light Source to investigate the
photodissociation dynamics of CO, at 130 nm in End Station One. This was perhaps the

first attempt to use the ALS beam as a dissociation source rather than as a detection
source. The detection laser, a YAG-pumped dye laser, was tripled using two crystals and
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produced light in the 200 nm region used to detect O('D). Despite two weeks of effort, we
found it impossible to obtain product images that clearly depended on the presence of both
the ALS beam and the detection beam. A large part of the problem was that the raw ALS
beam has a bandwidth so wide that only a small fraction of the VUV energy was absorbed
by the CO,; the rest of the light created an large ion background that was difficult to reduce
or discriminate against. An obvious solution to this problem would be to use the small
monochromator and End Station Three, however, it is currently impossible to place a laser
near enough this station to safely accomplish the detection. An alternate approach is now
being pursued using the deep ultraviolte free electron laser (FEL) at Brookhaven.
Xianghong Liu, a postdoc working at Brookhaven under partial Cornell support, has
recently installed a YAG-pumped dye laser at the FEL, and we are planning, with the

. collaboration of the Suits group, to attempt imaging of CO, dissociation products following
dissociation with the FEL.

The CN + O, Reaction

The reaction of CN + O, is important to combustion chemistry in the formation and
destruction of NO, compounds.* CN + O, react to give at least two product channels. NCO
+ OC’P) is the major product channel and is exothermic by about 13.7 kcal/mole, while the
NO + CO product channel is exothermic by 110 kcal/mole and formed in about 6-29%
yield,”® with the branching ratio for the minor channel increasing with decreasing
temperature.® Recent calculations® suggest that the major channel is accessed through a
linear NCOO (*A") intermediate that subsequently undergoes O-O bond cleavage. The
minor channel is reached by a three-center isomerization reaction. The rate constant for
this reaction has been studied by many researchers, including several supported by the
DOE chemical dynamics program.'®® The recommended rate constant exhibits a mild
negative temperature dependence,™ k£ = 1.10 x 10! x exp(205/T) em® molec™ sec™,
consistent with the dominance of attractive forces and a centrifugal barrier in the entrance
channel.”
Despite many interesting features of the dynamics,'®* no differential cross section for the
CN + O, reaction has yet been reported. We have begun to investigate this system by
creating rotationally cooled CN from 193-nm photodissociation of C,N, in one beam and
crossing it with a beam of pure O,. In a machine where beams of CN and O, cross at right
angles, we were unable to get sufficient reactive signal for the NCO + O channel to
overcome the O background from dissociation and ionization of the O, reactant. However, a
large increase in the intensity of the CN reactant can be achieved by using closely spaced
parallel beams. Modifications of our apparatus to pursue this approach are underway
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PROGRAM SCOPE

Photoionization processes provide very sensitive probes for the detection and
understanding of molecules and chemical pathways relevant to combustion processes. Laser
based ionization processes can be species-selective by using resonances in the excitation of the
neutral molecule under study or by exploiting the fact that different molecules have different sets
of ionization potentials. Therefore the structure and dynamics of individual molecules can be
studied, or species monitored, even in a mixed sample. We are continuing to develop methods
for the selective spectroscopic detection of molecules by ionization, to use these spectra for the
greater understanding of molecular structure, and to use these methods for the study of some
molecules of interest to combustion science.

RECENT PROGRESS

The exploitation of Rydberg molecules has enabled orders-of-magnitude increases in the
resolution available for recording the spectra of molecular ions. These spectra provide
information equivalent to photoelectron spectra, but contain much more information by virtue of
that resolution and the versatility of laser preparation of the states involved.

We primarily use techniques developed in our laboratory called mass analyzed threshold
lonization spectroscopy (MATI) and photoinduced Rydberg ionization spectroscopy (PIRI) to
provide high resolution spectra of the various electronic states of ions. MATI and PIRI are
multilaser techniques, and the multiresonant nature of the overall process is of great use in
sorting out the vibrational structure of some ionic states.

The Jahn-Teller effect in benzene cation: A benchmark study.

Along with Hs, Nas, and ammonia, benzene cation has been a prototypical system in the
study of the Jahn-Teller effect, perhaps the most dramatic type of vibronic coupling. In the
development of the modern theory, it has always served as one of the primary examples, having
a higher symmetry than the smaller molecules and a richer variety of vibrations to consider. In
spite of the interest, it is only recently that detailed experimental vibrational information has
begun to emerge, when laser techniques involving Rydberg states provided the means to record
cation spectra with adequate resolution to be able to separate out all of the vibrational levels.
While these tools have been available for some time, there had been no spectra available that had
the combination of resolution, energy breadth, and variety of excitation schemes that would
enable definitive analysis of the vibronic structures to be carried out.

There are three low- lylng states of benzene cation that are subject to Jahn-Teller
interactions, X “E,,, B* Ezg, and D’E.. With the exception of a PIRI study we performed a few
years ago on the B state, all previous work has focused on the lower energy part of the ground
state spectrum, using only pump-probe spectroscopy through the S; state. In a series of papers,
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we have used ab inito and classical Jahn-Teller calculations to analyze the Jahn-Teller vibronic
coupling in benzene cation as a general example of molecules with multiple active modes. These
calculations were applied to further the understanding of our previous PIRI spectra of the B state.
The present work brings the series to a conclusion by the analysis of new, wider ranging spectra
of the cation ground state.

As shown by our theoretical analysis, and by previous studies, one must consider three
linearly active vibrational modes in any treatment of the cation ground state. Previous
vibrationally resolved spectra had been recorded only using pump-probe techniques through the
S state. Over the limited energy range that had been examined, Jahn-Teller calculations could
fit the line positions exactly, considering only the linearly active modes v, vs, and vo. In order to
get additional vibrational information that might indicate directions for the improvement of the
model, we recorded new C¢Hg™ and C¢Dg” MATI spectra from different neutral (So, S;, and T))
states over wide energy ranges and analyzed them using multimode Jahn-Teller calculations. Of
particular importance in the analysis was the calculation of Franck-Condon factors from the
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calculated wavefunctions, including effects of geometry change. This enabled a more solid
identification of the spectral lines.

The figure above shows one of the new MATI spectra, a pump-probe experiment through
the S; state. Care was taken to correct the intensities so they could be compared to a spectral
simulation (upper trace) derived from the vibrational wavefunctions arising out of the Jahn-
Teller calculations (only the three linearly Jahn-Teller active e;; modes and the lower frequency
a1g mode are included in the simulation). It is seen that there is a remarkable agreement between
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the experiment and a simulation that contained no empirical intensity input, indicating that the
classical Jahn-Teller model is working well for the linear interactions.

By virtue of the much larger data set of experimental information, some small but
significant discrepancies in the model began to emerge. At higher energies in the spectrum, it
would appear to be beneficial to include Fermi interactions between the Jahn-Teller manifolds
built upon various totally symmetric vibrational states. The Fermi interactions couple these
otherwise 1solated manifolds and alter the appearance of the higher energy parts of the spectra.
Also, if one is to attain a complete determination of the molecular potential energy surface, all of
the quadratically active normal modes should be considered simultaneously. To do this is
beyond present technical capabilities, but may become possible as computing technology and
quantum chemistry methodology advance.

FUTURE PLANS

We have built a pulsed-amplified CW dye laser system in order to obtain higher
resolution electronic spectra of molecular cations using the multiphoton dissociation, and PIRI
techniques. This system will enable rotational resolution to be obtained for medium sized
molecules and molecular clusters. The pulsed nature of this high resolution source will couple
well with our established spectroscopic techniques and with the pulsed coherent vuv generation
used to prepare Rydberg states. It will also enable the generation of infrared wavelengths for the
measurement of low-lying electronic states and for vibrational spectroscopy. The goal is to
develop a general method for cation spectroscopy with orders of magnitude - higher optical
resolution than current techniques. Initial experiments will be done on substituted benzenes
because of our experience with them, but the most promising application of these new methods
concerns the determination of the structures of metal containing nanoclusters.
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Investigating the chemical dynamics of bimolecular reactions of dicarbon and tricarbon
molecules with hydrocarbons in combustion flames
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1. Program Scope

The aim of this project is to untangle experimentally the energetics and the dynamics of
reactions of dicarbon, CZ(XIEg+/a3Hu), and tricarbon molecules, C3(XIZg+), with unsaturated
hydrocarbons acetylene (C;Ha(X'Z,")), ethylene (C;H4(X'Ag)), methylacetylene (CH;CCH
(X'A))), allene (H;CCCH; (X'A})), and benzene (C6H6(X1A1g))' on the most fundamental, mi-
croscopic level. These reactions are of fundamental importance to understand the formation of
carbonaceous nanostructures as well as polycyclic aromatic hydrocarbons and their hydrogen
deficient precursors in combustion flames. The closed shell hydrocarbons serve as prototype
reaction partners with triple (acetylene), double (ethylene), and aromatic (benzene) bonds;
methylacetylene and allene are chosen as the simplest representatives of closed shell hydro-
carbon species to investigate how the reaction dynamics change from one structural isomer to
the other.

The experiments are carried out under single collision conditions utilizing a crossed mole-
cular beams machine at The University of Hawai’i. The crossed molecular beams technique
represents the most versatile approach in the elucidation of the energetics and chemical dyna-
mics of elementary reactions. In contrast to bulk experiments, where reactants are mixed, the
main advantage of a crossed beams approach is the capability to form the reactants in sepa-
rate, supersonic beams. In principle, both reactant beams can be prepared in well-defined
quantum states before they cross at a specific collision energy under single collision con-
ditions. The species of each beam are made to collide only with the molecules of the other
beam, and the products formed fly undisturbed towards the detector. These features provide
an unprecedented approach to observe the consequences of a single collision event,
preventing secondary collisions and wall effects.

Projected results of these studies are an identification of the reaction products and the
determination of the energetics and entrance barriers of the reaction, the intermediates
involved, and of the branching ratios - data which are very much required by the combustion
chemistry community. The experiments are pooled together with electronic structure calcu-
lations to verify the elucidated reaction mechanisms theoretically. All findings are then
incorporated into chemical reaction networks to examine the influence of dicarbon and
tricarbon molecules on the growth of carbonaceous nanostructures and of polycyclic aromatic
hydrocarbons together with their hydrogen deficient precursors in combustion flames.
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2. Recent Progress
2.1. Commission of a hydrocarbon-free crossed molecular beams machine

We finalized the design and commissioned a crossed molecular beams machine; 320
drawings were prepared utilizing Autocad 2D and 3D modeling software. Kurt Lesker
Company was contracted to build the main chamber, rotating platform, and detector housings.
Smaller items such as supersonic sources (laser ablation source and pulsed valves), cold
shields, high voltage insulation units were done by the machine shops of the Department of
Chemistry and of the Department of Physics & Astronomy; electronics were build by the
chemistry electronics shop.

Briefly, the main chamber of the machine consists of a 304 stainless steel box (70 cm x
60 cm x 30 cm) and can be evacuated by two 2000 Is' magnetically suspended turbo
molecular pump (Osaka Vacuum; TG 2003) backed by a single scroll pump. This
arrangement keeps the pressure in the main chamber during an actual experiment to about 107
mbar. Two source chambers are located inside the main chamber; in its current geometry,
both beams cross perpendicularly; optionally, the secondary source can be rotated to vary the
intersection angle of the crossing beams to yield collision energies of the reacting particles
between 0.3 kJmol™" and 150 kJmol™'. Each source chamber is pumped by a 2000 Is™ and a
430 1s" maglev pump (Osaka Vacuum; TG2003 and TG430) to limit the source pressure
during the actual experiment to about 10~ mbar. These pumps require no maintenance and are
hydrocarbon free. A dry roots pump RUVAC 510 (Leybold) roughed by two oil-free EcoDry
M30 pumps (Leybold) backs the turbo pumps of each source chamber. To minimize the out-
gasing of the sealing material, copper gaskets are used preferentially. Whenever O rings are
used (detector entrance port, laser entrance window, main door), these are teflon-coated and
differentially pumped by an oil-free pumping station at 10" mbar.

To guarantee an identification of the reaction products, we designed the machine so that
two detection schemes can be incorporated: i) a rotatable quadrupole mass spectrometer
(QMS) coupled to an electron impact 1onizer (with a variable kinetic energy of the electrons)
and i1) velocity map ion imaging with one-photon ionization (beyond the current funding
period). Angular resolved time-of-flight can be recorded with a triply differentially pumped
QMS. The latter is rotatable in the plane of the beams and attached to the lid of the main
chamber. Two regions reduce the gas load from the main chamber, whereas the third region
contains an electron impact ionizer cooled with liquid nitrogen to reduce the background; to
minimize the temperature of the filaments, and hence the background, thoriated iridium is
used. The QMS and the scintillation particle detector reside in the second region. Each region
is pumped by a maglev turbo pump (430 Is™"); all three pumps are backed by a fourth 430 Is™
pump whose exhaust is connected to a scroll pump. Together with a copper shield, which is
attached to a cold head (Sumitomo; 1.5 W at 3.9 K) close to the ionizer, an ultrahigh vacuum
of about 8x107" mbar is achievable; this setup ensures no background counts beyond m/e =
32 except at m/e = 191/193 (Ir"), 95.5/96.5 (Ir™), 63.7/ 64.3 (Ir™), and 47.75/48.25 (Ir'™™™).

It is important to address briefly the ionization techniques employed in our experiments.
First, electron impact ionization with 200 eV electrons is utilized to identify the ‘heavy’
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reaction products which are formed via dicarbon and tricarbon versus atomic/molecular
hydrogen replacement channel. Secondly, our goal is also to detect the ‘light’ reaction
products . which can be formed, for instance, via a potential hydrogen abstraction pathway.
However, traditional electron impact ionization at 200 eV electron energy cannot detect the
hydrogen abstraction pathways, as the resulting C.H,:; hydrocarbon products are often
generated via dissociative ionization of the parent reactant molecules in the ionizer. However,
if we utilize electrons at kinetic energies lower than the ionization potential of the closed shell
reactant (the ionization potentials of acetylene, ethylene, methylacetylene, allene, and benzene
were determined to be 11.4 eV, 10.5 eV, 10.36 ¢V, 9.69 eV, 9.2 eV), the dissociative
ionization of the reactant molecules and hence the background counts can be eliminated.
Tuning the ionization energy lower than the ionization potential of the product allows an in-
vestigation how the center-of-mass functions change with an increased fraction of internal
energy of the reactant. Also, if the difference of ionization potential of the product isomers is
larger than about 0.5 eV, it is in principle also possible to identify the isomer by measuring its
ionization efficiency yield as a function of the kinetic energy of the ionizing electrons.
Therefore, we record ionization efficiency curves at the center-of-mass angle scanning the
electron energy from 7 eV to 15 eV in 0.2 eV steps at and attempt to ascertain whether
structural isomers are formed or not. This approach is similar to tunable vacuum ultraviolet
(VUV) light generated either by resonant of mixing schemes or at synchrotrons, but does not
require extensive laser systems or hardly accessible synchrotrons, but solely high stable power
supplies for the electron impact ionizer to generate a stable beam of low energy electrons at
currents between 0.1 and 1.0 mA. To compensate for the reduced emission current, we
redesigned the ionizer and operate four filaments parallel, i.e. increasing the total emission
current by a factor of four. Summarized, the variable electron energy and hence ‘tunable’
electron impact ionization allows a comprehensive investigation of multi channel reactions
involving dicarbon and tricarbon reactant with unsaturated hydrocarbons.

2.2. Supersonic Sources

The generation of supersonic reactant beams of sufficiently high concentration to
guarantee a detectable quantity of the final reaction products is essential. We also designed a
pulsed, ultra high vacuum compatible laser ablation source to generate dicarbon and tricarbon
species; this is supplemented by a high stability chopper wheel motor driver and a dual pulse
shape to adjust the rise and fall time of the pulse to the piezo crystal. Here, laser ablation of
graphite is applied to generate a highly intense and stable supersonic beam of dicarbon and
tricarbon molecules. The output of a 30Hz Nd:YAG laser (GCR-270-30 Spectra Physics)
operating at 266 nm is focused onto the rotating graphite rod, and ablated species are seeded
‘in helium carrier gas released by the pulsed piezo valve. The ablation source has been adapted
to hydrocarbon-free operation conditions to minimize potential background signal in the pro-
duct detection. The concentration of ablated CZ(X12g+/a3Hu-) and C3(X123+) can be adjusted
and maximized/minimized by carefully adjusting the output power (multiphoton dissociation
of carbon molecules), the laser beam profile, the focus size, and the delay time between the
laser pulse and the opening of the pulsed valve. This setup provides number densities up to
10*? carbon molecules cm™ in the interaction region at velocities of 800 and 3000 ms™. Note
that no ablation source can produce a pure beam of dicarbon or tricarbon molecules. One
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reactant can be only minimized/maximized with respect to the other. However, due to
conservation of energy and linear momentum, the reaction channels can be determined
unambiguously even if dicarbon and tricarbon coexist in the beam. The pulsed primary beam
will cross then a second, pulsed hydrocarbon beam in the scattering chamber.

3. Future Plans

The crossed beams machine is currently being calibrated. Hereafter, the scattering
experiments are performed with rising complexity at two conceptual levels. For each closed
shell hydrocarbon reactant, the energy-dependent dynamics of tricarbon reactions will be
investigated first, followed by the reactions of dicarbon molecules in their electronic ground
and first excited state. All experiments utilize the QMS/EI detector to record angular resolved
time-of-flight spectra. Let us have a closer look at the C3(X12g+)/C2H2(XIZg+) and CZ(XIZ;/
a3Hu)/C2H2(XlZg+) systems as typical examples to outline the proposed experimental
sequence. Two groups of potential reaction products can be identified: products formed via
carbon versus atomic hydrogen and molecular hydrogen exchange pathways (‘heavy’
products CsH, Cs, C4H, C4) and those channels proceeding via hydrogen atom abstraction
and/or cleavage of carbon-carbon bonds to form smaller hydrocarbon fragments (‘light’ pro-
ducts C4Hy, C3Hy, CoHy, CHy). The heavy reaction products will be probed via an angular re-
solved TOF mass spectrometric detection first utilizing the universal detector at 200 eV
electron energy. Hereafter, the kinetic energy is reduced to selectively ionize potential low-
mass reaction products. After this system has been investigated comprehensively, we intent to
incorporate a rotatable, secondary pulsed hydrocarbon beam source. With this experimental
configuration we expect to complete our proposed studies.

4. Acknowledgements
This work was supported by US Department of Energy (Basic Energy Sciences), Osaka
Vacuum, and Kurt Lesker Company.

5. Publications

X. Guo, E. Kawamura, R.I. Kaiser, Design and performance of a high repetition rate, dual
pulse shaper to operate pulsed, piezo electric valves. Rev. Sci. Instr. (in progress 2004).

X. Guo, H. Chang, R.1. Kaiser, Design and characteristics of a high precision chopper wheel

motor driver to operate ultrahigh vacuum compatible laser ablation sources with nanosecond
time accuracy. Rev. Sci. Instr. (in progress 2004).

145



DYNAMICAL ANALYSIS OF HIGHLY EXCITED MOLECULAR SPECTRA

Michael E. Kellman
Department of Chemistry, University of Oregon, Eugene, OR 97403
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PROGRAM SCOPE:

Spectra and internal dynamics of highly excited molecules are essential to understanding
processes of fundamental importance for combustion, including intramolecular energy
transfer and isomerization reactions. The goal of our program is to develop new
theoretical tools to unravel information about intramolecular dynamics encoded in highly
excited experimental spectra. We want to understand the formations of “new vibrational
modes” when the ordinary normal modes picture breaks down in highly excited
vibrations. We use bifurcation analysis of semiclassical versions of the effective
Hamiltonians used by spectroscopists to fit complex experimental spectra. Specific
molecular systems are of interest for their relevance to combustion and the availability of
high-quality experimental data. Because of its immense importance in combustion, the
isomerizing acetylene/vinylidene system has been the object of long-standing
experimental and theoretical research. We have made significant progress in
systematically understanding the bending dynamics of the acetylene system.

We have begun to make progress on extending our methodology to the full bend-stretch
vibrational degrees of freedom, including dynamics with multiple wells and above barrier
motion, and time-dependent dynamics. For this, development of our previous methods
using spectroscopic fitting Hamiltonians is needed, for example, for systems with
multiple barriers.

RECENT PROGRESS: DYNAMICS FROM SPECTRA OF HIGHLY EXCITED
ACETYLENE APPROACHING ISOMERIZATION.

Bifurcation analysis: Branchings of the normal modes into new anharmonic modes.
Our approach to highly excited vibrational spectra uses bifurcation analysis of the
classical version of the effective Hamiltonian used to fit spectra.  We have applied this to
a bifurcation analysis of the bend degrees of freedom of acetylene.

We have had several specific aims in performing the bifurcation analysis of the acetylene
bends system. We have succeeded in obtaining a systematic global analysis of the
bifurcations that lead to novel modes. We now understand the number and character of
the new modes. We have found that there is a unique "“evolutionary tree" of new modes,
born in bifurcations of the normal modes. This is in contrast to earlier work on HCP,
where multiple bifurcation trees were observed.
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The pure bending system is a stepping-stone to inclusion of the stretch degrees of
freedom and an attack on the above-barrier isomerization problem for vinylidene-
acetylene isomerization, both described below.

Visualization of complex molecular dynamics. One of our primary goals is to translate
the abstract dynamical knowledge of the bifurcation analysis into a directly visualizable
representation. For this, we are using computer techniques to make animations of the
anharmonic modes born 1n bifurcations. Examples of our animations can be found on a
web-site at http://darkwing.uoregon.edu/$\sim$meklab/, which the interested reader is
Invited to access.

Spectral patterns of isomerizing systems. Earlier work from our group has
demonstrated spectral patterns assocliated with the new modes born in bifurcations. It is
of great interest is to extend the bifurcation and spectral analysis to isomerizing systems.
We have made a start on this with an investigation [5] of a model of an isomerizing
system of coupled stretch and bend, intended to have some of the features of a realistic
model of the acetylene-vinylidene isomerization. Below the barrier there are patterns
expected from previous work. There are wholly new patterns associated with multiple
barriers and above-barrier motion. These patterns are interpreted in terms of nonlinear
resonance-type couplings, similar to anharmonic Fermi resonances, between the stretch
and bend. There is conventional Fermi resonance below the barrier, and a new type of
“cross-barrier” resonance.

Semiclassical quantization of systems of spectral models. Much of our work seeks to
assign novel quantum numbers to highly excited spectra, based on the new modes from
our bifurcation analysis, when the ordinary normal modes quantum numbers no longer
suffice. A fundamental question is whether these quantum numbers can be given a
precise meaning. In a series of investigations [1-3] on semiclassical quantization of
wavefunctions, we are finding that this can be answered this in the affirmative, even for
chaotic systems.

Inclusion of full stretch-bend degrees of freedom. The bifurcation analysis
successfully completed so far is for pure bends spectra with vibrational angular
momentum 1 = 0. Obviously, it is of great interest to extend this to systems with 1 > 0,
and to spectra with combinations of stretch and bend excitation, for which fitting
Hamiltonians of existing experimental spectra are available. We are completing work on
1 >0, and have begun to make headway on the stretch-bend problem, as described
below. (Eventually we will want to include rotation degrees of freedom when we have
mastered the full vibrational problem.)
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FUTURE PLANS: FULL STRETCH-BEND DYNAMICS, TIME-DEPENDENT
AND REACTIVE DYNAMICS.

Our current goal is to extend our methods to larger systems and systems undergoing
intramolecular reactions, i.e. isomerization reactions involving a potential barrier. We
are interested in the particular chemical problem of the acetylene-vinylidene
isomerization.

The key challenges are: (1) Making current methods practical for more complex systems,
with more degrees of freedom. In acetylene, this means inclusion of the stretches in
addition to the pure bends previously analyzed; (2) The problem of extending the
spectroscopic Hamiltonian to handle qualitatively new physical situations, in particular,
motion in multiple potential wells, and very large-amplitude motion above two or more
wells. -

The challenge of complexity: Analytically scalable bifurcation analysis. Existing
spectra of the acetylene system access states in which the stretches and bends are coupled
in a highly complex way. As the dimensionality of the problem becomes larger, one of
the challenges is whether our analysis can be performed, in a way that is still
understandable and useful. '

The key to making tractable larger systems such as the full stretch-bend degrees of
freedom is use of the polyad quantum number, which is an integral part of the standard
spectroscopic fitting Hamiltonian. A fact that has been little-utilized outside our group is
that the polyad Hamiltonian affords computation of the mode bifurcation structure by
analytic means, i.e. by solution of simple algebraic equations related to the Hamiltonian
function, rather than numerical solution of the equations of motion. Specifically, we seek
the critical points of the polyad Hamiltonian, defined in a phase space naturally reduced
in dimension by means of the conserved polyad numbers. The critical points give
periodic orbits or “vibrational modes” when the Hamiltonian is expanded back to the full -
phase space including polyad numbers and their conjugate angles. Because these modes
are obtained analytically, it is not necessary to perform numerical integration of
Hamilton's equation and analysis of surfaces of section. This is expected to become
extremely advantageous as the number of degrees of freedom and phase space
dimensions increases, as in the full stretch-bend system. The solutions for these critical
points are solutions of algebraic equations involving polynomials and trigonometric
functions.

Spectroscopic Hamiltonians for multiple wells and above barrier spectroscopy. The
least-explored theoretical challenge in observing and interpreting isomerization problems
in our approach is to be able to handle a future spectroscopy of above-barrier states,
incorporating multiple wells in the spectroscopic Hamiltonian; and to develop techniques
such as bifurcation analysis to obtain dynamical information. We have made a start on
this, using model systems until such time as experimental data become available. We are
using some of the ideas developed in our paper [5] on spectral patterns of isomerizing
systems.
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Time dependent dynamics. Our prior work has focused on extracting information from
spectra, i.e. time-independent phenomena such as the new modes that take over from the
normal modes after bifurcations. However, dynamics includes time-dependent
phenomena, for example intramolecular relaxation, and isomerization reactions. We are
currently applying our spectroscopic Hamiltonians to time-dependent vibrational
relaxation dynamics. One goal is to understand Coulomb explosion and related studies of
the vinylidene/acetylene system. The system is believed to “cycle” between the
vinylidene and acetylene forms in a very highly excited condition. This goes on for an
extremely long time, up to a microsecond. We hope to model this with the spectroscopic
Hamiltonian, and understand it in terms of the knowledge of the molecular phase space.
This means understanding the role of the approximate conserved polyad number,
breaking of the polyad number, and formation of phase space “zones of stability”
described by our bifurcation analysis.
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PROJECT SCOPE

Turbulent flow involves unsteady motion that typically extends over a much wider range of scales
than multi-dimensional simulations can affordably resolve. This necessitates reduced
representations encompassing much of the flow behavior. Large-eddy simulations (LES), which
resolve the large scales but require modeling of the small scales, are challenged by the need to
generalize the small-scale representation from its usual role as an energy dissipation mechanism
to a representation of dynamically active couplings between small-scale motions and multiple
physical and chemical processes. Empirical parameterization of these couplings is increasingly
recognized as insufficient for physically sound predictive extrapolation. Accordingly, the
strategy that is adopted to predict and investigate these couplings (and other aspects of turbulent
flow phenomenology) is to perform unsteady spatially resolved simulations on a computational
domain of reduced dimensionality. A modeling approach developed during this project for
simulating these phenomena in one spatial dimension, denoted One-Dimensional Turbulence
(ODT), has proven to be particularly suitable for cost-effective computation that provides needed
predictive capabilities. Recent efforts have provided initial demonstrations of these capabilities
with respect to compressible flow, multi-phase flow, and certain regimes of buoyant stratified
flow, and in so doing, have yielded significant physical insights. Planned future efforts fall
within three categories: further extension of capabilities, use of demonstrated capabilities to
address scientific issues, and adaptation of the approach to achieve the needed subgrid closure
capability for LES.

Reduced computational representations of turbulent flow involve one or more of the following
simplification strategies: Reducing the range of resolved scales, reducing the flow dimensionality,
introducing surrogate physical processes, and evolving statistical properties rather than the flow
field itself. For example, conventional LES involves a reduced scale range, supplemented by
surrogate physical processes (eddy viscosity and diffusivity) to represent unresolved advection.
The diffusion representation of unresolved advection is a particularly prevalent simplification, but
its limitations with regard to dynamically active small-scale couplings are becoming increasingly
evident,

Ongoing research during this project has demonstrated that, for many turbulent flows of interest,
all scales of advection can be reliably and affordably resolved in a 1D unsteady simulation by
introducing a surrogate for the v » grad v advection operator. (This operator can in fact be
specialized to 1D, yielding the Burgers equation, which has been used for turbulence modeling
but does not provide quantitative predictions due to its violation of conservation laws.) The
elementary operation of the surrogate process is a rearrangement of property profiles along an
interval of the 1D domain so as to emulate the effect of a turbulent eddy turnover within that
interval. The key physical content of the model is a procedure for random selection of affected
intervals in a manner that reflects the processes controlling eddy turnovers in multi-dimensional
turbulent flow. A close analogy is obtainable because the 1D domain carries a velocity profile
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whose spatial variation (specifically, shear distribution) controls eddy turnovers much as in real
flows. The rearrangements representing eddy turnovers affect these velocities as well as other
properties. This two-way coupling of velocities and surrogate advection maintains their mutual
consistency and leads to velocity profile evolution that captures many important features of
turbulent flow. It is noteworthy in this regard that the surrogate process is advective (i.e., it
displaces fluid elements) rather than diffusive, and thus preserves fundamental properties of
advective motion. On the spatially resolved 1D domain, processes that are truly diffusive (as well
as other processes involving transport or state change, such as chemical reactions) are likewise
faithfully represented, allowing subtle effects such as differential molecular diffusion to be
treated accurately. As illustrated by the work described below, the analogy between this 1D
formulation and turbulence phenomenology is broader than this brief explanation can convey, and
its uses are diverse, ranging from focused scientific investigations to the development of general-
purpose flow simulation tools.

RECENT PROGRESS

Because ODT carries a 1D profile of the velocity vector, it is ostensibly straightforward to advect
particles that are coupled to the flow by a drag law. The issue is subtler, however, because
rearrangements, rather than the velocity profile, advect fluid in ODT. Accordingly, a
mathematical formulation of particle response to rearrangements has been developed that
accounts for the finite interaction time of particles with turbulent eddies. (Rearrangements are
nominally instantaneous, but an associated eddy time scale governs their occurrences.) Particle
motion in turbulent channel flow was simulated, and results were compared to statistics gathered
from DNS. The technologically important issue of particle deposition rates was addressed over a
wide range of particle response times (normalized by a flow time scale, thus quantifying the
influence of particle inertia). ODT reproduces the inertia dependence of deposition seen in DNS
and reveals a high-inertia scaling that was not previously recognized. A simple physical
explanation of this dependence has been identified.

Single-Column Modeling (SCM) is a widely used 1D representation of vertical transport in the
atmospheric boundary layer (ABL). Unlike SCMs, which model turbulent transport using eddy
diffusivity, ODT involves unsteady advective motions that give it a character intermediate
between conventional SCMs and the LES computations that are considered benchmarks for SCM
calibration. To demonstrate this, an ODT simulation of a benchmark case was performed. ODT
was run both in high-resolution mode (16000 cells spanning a 400 m domain) to capture near-
surface effects not resolved by other methods, and in low-resolution mode (64 and 128 cells) to
demonstrate fidelity comparable to other methods implemented at low resolution. For the low-
resolution case, a diffusion-type subgrid closure analogous to LES closure was implemented
within ODT. Comparison to the high-resolution case highlighted the capabilities and limitations
of this approach to closure.

A new scaling law for self-heated turbulent convection has been proposed that accounts for the
occurrence of off-center ignition of type 1a (white-dwarf-progenitor) supernova explosions. (Off-
center ignition appears to be essential for explaining observed explosion characteristics.) ODT
simulations support the proposed scaling and demonstrate the capability to study the parameter
dependencies of the number and spatial distribution of ignition points, which will guide the
selection of initial conditions for multi-dimensional simulations of the explosion process.
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FUTURE PLANS

An initial ODT application to compressible flow involved the introduction of rearrangement
events (to represent turbulent eddy motions) in a 1D gas-dynamic simulation of shock-induced
mixing, ignition, and subsequent pressure rise in an unconfined propane-air mixture surrounded
by ambient air. Finite-rate-chemistry effects were introduced empirically by tuning a chemical
delay time to match the measured pressure-rise delay. In future work, a multi-step reduced
chemical mechanism will be introduced in the model in order to capture chemical-kinetic effects.

This initial study identified important considerations for physically sound ODT representation of
turbulent compressible flow. Foremost is the need to apply rearrangements to the gradient of the
dilatational velocity on the ODT domain, rather than to the velocity itself; otherwise
rearrangements change the sign of the gradient in some regions, thereby instantly turning local
expansion into local compression and vice versa. Rearrangement of the gradient, followed by
recovery of the transformed velocity profile, changes the total dilatational kinetic energy. This
reflects energy exchange between solenoidal and dilatational modes that is a fundamental feature
of compressible turbulence. Accordingly, a procedure for enforcing equal-and-opposite changes
of the solenoidal kinetic energy during rearrangements will be introduced, analogous to a
physically consistent procedure of this type that was previously introduced in a different context.

ODT provides a natural decomposition into solenoidal and dilatational kinetic energy, but it does
not capture all the 3D physics of this decomposition. In particular, it has no inherent mechanism
for sustaining pressure gradients associated with quasi-steady solenotdal motions. Instead, all
pressure fluctuations are radiatively depleted on acoustic time scales. A physically based
procedure that prevents this depletion will be essential for sound representation of compressible-
flow thermodynamics. A plausible approach has been formulated and will be tested.

A new conceptual picture of extinction-reignition in turbulent nonpremixed combustion was
revealed by ODT simulations [1]. The advent of subsequent DNS results provides an opportunity
to validate ODT quantitatively for this application by applying ODT to conditions directly
corresponding to those of the DNS. The validated formulation will then be used to investigate
regimes of higher turbulence intensity than are currently accessible using DNS. This is important
for scale-up of DNS-based inferences because extinction is sensitive to rare bursts of intense’
mixing whose asymptotic scalings become evident only at high turbulence intensity.

In parallel with this effort, which will focus on spatially homogeneous flow, extinction-reignition
will be addressed in the context of ongoing experimental study of turbulent jet diffusion flames in
the Turbulent Combustion Laboratory (TCL) at the CRF. An early application of ODT to these
flames will be revisited, incorporating the substantial subsequent development of ODT
methodology, notably a new treatment of variable-density flow, a cylindrical ODT formulation,
and a spatially developing implementation of ODT. This upgraded ODT jet diffusion flame
methodology will be applied to TCL flames. In addition to the focus on extinction and reignition
in those flames, this methodology will be used to generate multiply-conditioned scalar statistics
analogous to data being gathered from TCL line-Raman measurements.

A laboratory analog of atmospheric convection involves heavy (salty) water below a lighter fresh-
water layer (representing the free atmosphere), with infiltration of fresh water below the salty
layer to introduce convective instability. We will coordinate blind ODT predictions with Prof.
Harm Jonker (Delft), who is performing the experiment. A key contribution of ODT will be to
bridge the gap between the high-Sc (Schmidt number; ratio of viscosity and mass diffusivity)
experimental conditions and the order-unity value of Pr (Prandtl number: ratio of viscosity and
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thermal diffusivity) in the atmosphere. (Salinity is a surrogate for temperature in this
experiment.)

Having recently addressed the constant-property near-wall momentum closure [5], the current
focus is momentum and scalar closures for bulk flow. A comprehensive ODT -based closure
strategy has recently been formulated [2]. Implementation of bulk momentum closure, with
planned generalization to variable-property flows and closure for dynamically active scalars, is
underway. This formulation involves a lattice-work of ODT domains, such that the center of
each LES cell on a Cartesian mesh is intersected by three orthogonal ODT domains. Couplings
among ODT domains, and between ODT and LES as they evolve in tandem during a time-
advancement cycle, are currently specialized to the requirements for constant-property
momentum closure, but will be generalized in future work to include multi-scalar processes.
Prior to addressing reacting flow, simulations of turbulent Rayleigh convection in a rectangular
enclosure will be performed because the rich phenomenology of this flow will provide a stringent
test of model performance as well as an opportunity to gain further insight into the physics of this
canonical flow regime.

Two collaborative efforts involving ODT closure of atmospheric-flow LES are planned. First, the
low-resolution ABL implementation of ODT (see Recent Progress) will be used as a near-surface
closure of a general circulation model (GCM) of the earth's atmosphere. Advantages of ODT for
this application include time-lagged response to upper-atmosphere and surface-level flow and
thermal transients, resolution of local shear-buoyancy interactions, and physically based
representation of turbulence-induced state fluctuations.

The second atmospheric-flow LES effort is a cloud-scale simulation in which subgrid ODT will
be used to evolve cloud droplets as they are vertically advected, grow by collisions and
condensation (which is affected by mixing that modulates the local humidity), and eventually
precipitate. (LES-resolved horizontal transport will determine the lateral mass transfer between
vertical ODT domains.) This study will address the poorly understood influence of turbulence-
induced droplet clustering on the various processes that determine the intensity and duration of
rainfall.
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Program Scope

This program involves the use of the shock tube with laser-schlieren, dump-tank
GC/MS analysis, and time-of-flight mass spectrometry diagnostics to explore reactions
and energy relaxation processes over an extremely wide range of temperatures and
pressures. We are interested primarily in energy transfer and the kinetics of unimolecular
reactions at combustion temperatures, in particular, the effects of unimolecular falloff.
Over the past year we have considerably extended our efforts to include some new results
on relaxation, incubation and falloff.

Ethane relaxation, incubation, and dissociation

The C-C bond fission in ethane dissociation, C;Hg = 2CHj3 (1), and its reverse, the
recombination of methyl radicals, has long performed the role of prototype for the study
of falloff in unimolecular kinetics. It has been examined both experimentally and
theoretically in an extraordinarily large number of experimental and theoretical studies. A
recent up-to-date and extensive theoretical study using flexible variational transition state
theory [1] now seems to have uncovered some indications of non-RRKM behavior in the
recombination for high temperatures. Here the high-pressure theoretical rates were too
large when compared to available experiment, and the authors suggested the experimental
rates might have been reduced by re-crossing of the transition state, a form of non-
RRKM behavior. This result certainly needs confirmation, either through improved
calculations or additional experiment. Non-RRKM behavior does seem possible here
because ethane long been known to show double relaxation at room temperature [2,3],
and we have now confirmed this for much higher temperatures (see below). Such double
vibrational relaxation is a clear demonstration of slow intra-molecular vibrational
relaxation (IVR), at least for low energies, and slow IVR is a most likely cause of non-
RRKM behavior.

We have now performed new and improved laser-schlieren (LS) experiments on both
relaxation and dissociation over a very wide range of T and P (1000-1467K and P <30
torr for relaxation; and 1500-2200K, 70-550 torr for dissociation). We have then
combined the derived rates with higher-pressure UV absorption data from the Stanford
group [4] that covered 1400-2000K, 100-5700 torr, and modeled the entire set with the
above flexible TST theory of Klippenstein and Harding [1]. Note that use of the shock
tube with fast diagnostics is essential if non-RRKM behavior caused by slow IVR is to be
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uncovered simply because of the well known speed of VR processes and the need for
reaction rates that compete with these..

An example semilog plot of density gradients arising from vibrational relaxation in an
ethane-krypton mixture is presented in the left upper figure. Here the relaxation clearly
occurs in two well-defined exponential stages; this is indeed a double relaxation as
proposed in refs. 2 and 3. Of course ethane does eventually decompose at the
temperatures of experiments like this, but reaction is here far too slow to produce a
measurable gradient.

Relaxation times have been estimated from experiments like those of Fig. 1 and are
“displayed in the right upper figure, where they are seen to be extremely short, a behavior
characteristic of hydrocarbons with methyl groups [5].

At higher temperatures dissociation does appear, and incubation times for the onset of
steady-state dissociation were obtained. The lowest-pressure LS experiments were then
corrected for this incubation before dissociation rates were derived.

A small chain-reaction model was used to fit the entire length of the gradient profiles
and this model fit is uniformly of high quality. This mechanism is an excellent
description of this reaction, at least for high temperatures, low pressures and short times.
Of course the experiments are fairly insensitive to this set of secondary processes at early
times, where only the direct dissociation contributes. Thus a good set of initial rates is
easily obtained.

The rate data form both the LS and UV experiments is collected and compared to
RRKM master-equation calculations in the bottom figure. These calculations use the
unscaled theoretical model and master-equation of Klippenstein and Harding [1] with
only one minor modification. The model now includes the effect on the molecular
partition function and state density of a 1-D hindered rotor treatment of the torsion, and
this is the sole anharmonic correction for the molecule. The master-equation calculations
assume the usual exponential down model with <AE>youn = 120(T/300)0'9 cm'l, nearly
linear in T. As is quite evident in the figure, the agreement is excellent; this model fits all
the data essentially within the experimental scatter.

The above fit suggests there is no non-RRKM behavior in the dissociation of ethane at
high temperatures. This would seem to imply that there would also be no non-RRKM
behavior in the recombination direction at these temperatures, in apparent disagreement
with the earlier application of this theory to the recombination. Perhaps the problem with
the fit of the recombination data lies in the data itself.

Time-of-flight mass spectrometer construction
In the last reporting period we stated that a time-of-flight mass spectrometer (TOF-

MS) would be added via a nozzle/skimmer interface to the LS shock tube that would
provide a real time diagnostic tool capable of measuring species specific concentrations
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to compliment the non-specific data acquired in LS experiments. In the intervening
period this interface has been constructed. The equipment now includes a custom built
XYZ table that supports the interface, the TOF-MS and a set of turbo pumps, and permits
accurate alignment of the nozzle and skimmer. The apparatus has been successfully
evacuated and its performance is currently been assessed. An initial test study will be
performed using the well-defined decomposition of cyclohexene to 1,3-butadiene and
ethylene prior to starting work on more interesting reactions, such as the bimolecular
acetylene + propargyl radlcal combination to cyclopentadieny! radical.

Future work

Our main intentions for the forthcoming year or two involve extension of our efforts to
detect non-RRKM reaction by continuing the study of relaxation and dissociation in
additional species. Among these are the obvious choices CF,HCHj3 and CF,HCF;.
Besides these we have confirmed the reported double relaxation in CH,Cl, which shows
a most interesting indication of non-linear relaxation in the second stage. We will look at
this again and also investigate its dissociation.
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Program Scope

The focus of this program is the theoretical estimation of the kinetics of elementary
reaction steps of importance in combustion chemistry. The research involves a combination of
ab initio quantum chemistry, variational transition state theory, direct dynamics, and master
equation simulations. The emphasis of our current applications is on (i) reactions of importance
in soot formation, (ii) radical oxidation reactions, and (iii) NOx chemistry. We are also interested
in a detailed understanding of the limits of validity of and, where feasible, improvements in the
accuracy of specific implementations of transition state theory. Detailed comparisons with
experiments, and with other theoretical methods are used to explore and improve the predictive
properties of the transition state theory models. Direct dynamics simulations are being performed
as a means for testing the statistical assumptions, for exploring reaction mechanisms, and for
generating theoretical estimates where statistical predictions are clearly inadequate. Master
equation simulations are used to study the pressure dependence of the kinetics and to produce
phenomenological rate coefficients for use in kinetic modeling.

Recent Progress .
Soot Formation: The Role of n-C4Hj (in collaboration with Jim Miller)

We have performed detailed studies of various aspects of the kinetics of n-C4H; radicals
in order to further elucidate the possible role of this radical in aromatic ring formation. We have
examined the temperature and pressure dependent kinetics of H addition to diacetylene to form
both n- and i-C4H;. We have used MRCI calculations to study the heats of formation of » and -
C4H; radicals, and find little difference from related large basis set QCISD(T) calculations.
These results are in sharp contrast with those from diffusion Monte Carlo by the Lester group.
We have examined the potential energy surface for the n-C4H; + C,H; reaction, discovering in
the process numerous important additional channels beyond those considered in the earlier works
of Lin and coworkers, of Walch, and of Frenklach and coworkers. We are in the process of
implementing this potential energy surface in a master equation based analysis of the kinetics.
Preliminary results suggest the predominant formation of linear forms of C¢Ha, at least for the
temperatures of significance in combustion.

Radical Oxidation (in collaboration with Larry Harding)

The reactions of oxygen atoms with methyl, ethyl, and vinyl radicals were studied with a
combination of ab initio quantum chemistry, variational transition state theory, and classical
trajectory simulations. The interaction between the two radicals was examined with MRCI
calculations employing augmented double zeta and augmented triple zeta basis sets. The
implementation of analytic representations of the ab initio data within variable reaction
coordinate (VRC) transition state theory (TST) yields predictions for the high-pressure limit
addition rate coefficients. For the CH; + O reaction these predictions are in remarkably good
agreement with the extensive experimental data, while for the C;Hs + O and C;H;3 + O reactions
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the theoretical predictions appear somewhat lower and higher, respectively, than the rather
limited experimental data. VRC-TST analyses also suggest that the abstraction reactions to
produce C;H; + OH and C;H; + OH have a rate coefficient that is about 10% of the
corresponding addition rate. Experimentally, the abstraction was observed to be about 21 +8 %
of the total for C,Hs + O, but was not observed in C,H; + O.

NOx Chemistry (in collaboration with Craig Taatjes)

The potential energy surface for the C,Hs; + NO reaction was explored with both
quadratic configuration interaction and multi-reference configuration interaction ab initio
calculations. These ab initio predictions were employed in RRKM theory based master equation
simulations of the temperature and pressure dependent kinetics, which were compared with
related expeirmental observations. The ab initio characterizations suggest a significant
contribution from HCN + CH,0O formation, with the two isomerization transition states for the
pathway leading to this product lying ~15 kcal mol” below the entrance channel. The master
equation analysis provides a reasonably satisfactory reproduction of the experimentally observed
kinetic data. At constant pressure the rate constant decreases rapidly with temperature. At higher
temperatures, a falloff of the rate constant to lower pressure is observed. The HCN + CH,0
bimolecular channel, which proceeds from the addition complex through tight ring forming and
opening transition states, has a negative temperature dependence and 1s the dominant channel for
pressures of about 50 Torr and lower.

Hydrocarbon Reactions

We have investigated the kinetics of the H -+ C,H, and H + C,H, reactions, as well as their
reverse dissociations, in some detail. High level electronic structure calculations were used to
characterize the potential energy surfaces. An approximate two-dimensional master equation was
used to determine temperature and pressure dependent phenomenological rate coefficients. The
effects of angular momentum conservation, tunneling, and the use of variational transition-state
theory (as opposed to conventional transition-state theory) to compute microcanonical rate
coefficients was investigated in detail. For both reactions, the low-pressure limit is approached
very slowly, because reaction just above threshold must occur strictly by tunneling. Assuming a

single-exponential-down model for P(E E’), we deduce from experiment values of <AE d), the

average energy transferred in a deactivating collision, as a function of temperature for both C,H;,
and C,Hs in baths of He, Ar, and N;. Our results support the idea that <AE d> increases roughly

linearly with temperature, at least for weak colliders. The agreement between theory and
experiment is remarkably good for both reactions.

Transition State Theory

We have developed and applied a simple version of variational transition state theory
applicable to reactions controlled by long-range interactions. The approach is based on the
assumption that the fragment moments of inertia are much smaller than the orbital moment of
inertia when the transition state lies at large separations, as it does at low temperature. The
predictions from this theory were shown to be in good agreement with related trajectory
simulations, generally differing by about 5 to 10% or less. The theoretical predictions are also in
remarkably good agreement with experiment for a number of reactions. However, for other
reactions, the experimental rate coefficients lie significantly below the theoretical predictions for
unknown reasons.

159



In collaboration with Larry Harding we have developed an efficient implementation of
direct variable reaction coordinate transition state theory. A comparison of CASSCF and MRCI
interaction energies suggests that the difference between the two methods is nearly orientation
independent. This finding allows us to employ small basis set CASSCF energies in the direct
sampling over the orientations, coupled with large basis set MRCI evaluations of the minimum
energy path. Furthermore, we have observed that the minimum energy path correction from
small basis set CASSCF to large basis set MRCI predictions is nearly independent of reaction (at
least within a given class of hydrocarbon radical-radical reactions). Thus, we can simply
implement a correction evaluated for the CH; + H (for C...H additions) and CHj + CHj reactions
(C...C reactions). These ideas were tested for the CH; + H, C;H; + H, C;Hs + H, CCH + H, and
CH; + CH; via comparisons with calculations implementing the full MRCI/atz interaction
energies for all orientations. In every instance, the differences between the two predictions were
about 10% or less. We are in the process of applying this methodology to a large serles of
reactions including such reactions as naphthyl + H and t-butyl + t-butyl.

Master Equation Methodology :

We have discussed the kinetics of reversible association/dissociation at great length. We
find that late in the reaction, after the characteristic time for internal energy relaxation,
phenomenological rate laws will always apply with rate coefficients that satisfy detailed balance.
The nonequilibrium factor, f,., originally introduced by Smith, McEwan, and Gilbert, is not a
measure of the degree to which detailed balance is satisfied by the assocation and dissociation
rate coefficients. Instead, it is simply the fractional contribution to the “long-time” association
rate coefficient of the slowest-relaxing eigenmode of the system. That is, (I-f,) is the fractional
contribution to the same rate coefficient of the internal-energy relaxation modes. The standard
practice of taking the dissocation rate coefficient to be equal to that for irreversible dissociation
is accurate as long as Keq/im(1—fne) <</, where Kq is the equilibrium constant for the association
reaction, and ny, is the concentration of the excess reactant under pseudo first-order conditions
for the association reaction.

Future Directions

We will continue our exploration of the reactions leading to the formation of the first
aromatic ring with detailed studies of a variety of other possibly important reactions. In
particular, we will begin to consider the possible importance of the allyl radical in recombination
reactions such as C3Hj + CsHs, CsHs + C3Hs. Our newly developed efficient direct VRC-TST
approach should allow us to obtain accurate predictions for the entrance rates in these reactions
as well as for the propargyl recombination. We will also explore the possible importance of the i-
CsH3 + CH; reaction and the reaction of propargyl radical with allene and/or propyne. The
dissociation of C3H; radical may provide an important mechanism for its loss at higher
temperatures and so we will also consider this reaction in detail.

As suggested by Lin and coworkers, the reaction of CH with N; to form NCN + H is
likely an important step in prompt NO formation. The final step in this reaction is barrierless and
so a more careful study using our VRC-TST methodology should be useful in providing more
quantitative kinetic estimates. This study will be performed in collaboration with Larry Harding.

In collaboration with Craig Taatjes, we will explore D isotope effects in the ethyl + O,
and propyl + O; reactions.
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Scope of the Project

Combustion is a complex process imnvolving short-lived radical species, highly excited states,
kinetics, transport processes, fluid dynamics, and energy transfer. Detailed measurements of
microscopic reaction pathways, rate coefficients, vibrational and rotational product state
distributions, and thermochemistry have resulted in considerable information to aid in the
understanding of combustion processes.

Infrared emission provides a method of probing the excited states of species that is
complementary to many other techniques, such as laser-induced fluorescence, permitting direct
detection of vibration-rotation transitions or low-lying electronic states. The time-resolved FTIR
method provides a broad overview of all the emitting species, which is crucial in identifying novel
products and transition state mechanisms. This project explores laser-initiated radical reactions,
radical-radical reactions, photofragmentation events, energy transfer processes. Vibrationally
excited and low-lying electronically excited species generated in chemical dynamics processes are
probed by time-resolved Fourier transform infrared (FTIR) emission spectroscopy. Dynamics
measurements are obtained by acquiring time-resolved signals after the initiating laser pulse at
each mirror position of the spectrometer. These signals are then assembled into interferograms at
a series of time delays, to obtain the spectra at each time delay. The current research involves the
study a variety of important radical reactions (e.g. C,H + O, HCCO + O, O + C;H,) to determine
the nascent product species and states and the mechanisms and kinetic pathways.

The vacuum ultraviolet light at the Chemical Dynamics Beamline of the Advanced Light Source
provides a tool to measure the energetics and photoionization spectroscopy of important
combustion species. At the Chemical Dynamics Beamline there are new efforts to study
photoionization spectroscopy of radical species, such as CH; (with Branko Ruscic), propargyl
(postdoctoral fellow at the beamline Christophe Nicolas), and CICO (with Cheuk Ng). Ongoing
work at the Chemical Dynamics Beamline also involves interactions with Terry Cool, Andy
Mcllroy, Craig Tattjes, and Phil Westmoreland in their pursuit of the study of flame chemistry
and radical photoionization events using nozzle sampling techniques. Molecular beam
photofragmentation studies have been completed by a postdoctoral fellow at the beamline, Jinian
Shu, on the dissociation of crotonaldehyde (CH3CHCHCHO), and this type of study is being
extended to velocity map imaging using synchrotron radiation for detection. A new laser ablation
apparatus has been developed at the beamline with Musa Ahmed to produce and study C,,
through Cs species in photoionization. The results of the carbon cluster species will be described
in more detail. The same source has also been applied to biomolecules by M. Ahmed and to
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metal oxide species with Ricardo Metz. A new effort will explore aerosol species and their roles
and production in combustion.

C,H + O Radical-Radical Reaction

The reaction of C,H with O proceeds with a rate coefficient of 5.6 x 107" cm® molecule s™! and
produces primarily CO + CH; the CH can be formed in the ground X*IT state or excited AA
state. This reaction is investigated to determine the CO(v) vibrational distribution of the two
branching pathways, to reveal information about the ratio of the CH(X) and CH(A) state
products and details of the reaction mechanism. This reaction is challenging to study because of
the many competing processes that also produce CO(v) products when a photolysis mixture of
C,H, and SO, is used to produce the C;H and O radicals at 193 nm. The CH + O reaction is an
obvious possible competitor, since its rate coefficient is an order of magnitude larger than that for
C,H + O. However, because CH also reacts rapidly with C,H,, which is in large excess (the
precursor used to produce C,H by laser photolysis), the contribution of CO(v) from the CH + O
reaction is determined to be negligible. Instead, three other reactions, HCCO + O, C,H + SO,,
and O + C,H, contribute more significantly to the observed CO(v) signals. The absolute rate
coefficient for C;H + SO, was measured in this work to model the product signals. The rate
coefficient at room temperature is (1.1£0.3) x 10™"! cm® molecule™ s™. Under suitable conditions,
the CO(v) from the C,H + O reaction can be studied at early times, with little interference from
these other reactions. The overall reaction mixture exhibits vibrational emission from species such
as CO, CO,, CH, SH, SO,, C,H, C;H,, all of which are characterized under various conditions in
this system and by additional studies of other individual reactions.

The vibrational distribution of the CO product from C,H + O extends to CO(v=12) and is
strongly bimodal, suggesting two different distributions that correspond to the CH(X) and
CH(A) states. Using a surprisal analysis with back extrapolation to determine the CO(v)
vibrational state populations of the CH(X) channel that underlie the CO(v) of the CH(A)
channel, a CH(A) branching fraction of 57+£30% is suggested. A previously reported CH(A)
branching fraction of 20-45%, measured by pulsed laser photolysis/visible chemiluminescence
technique by the group of Peeters (Chem. Phys. Lett. 261, 450 [1996]) was recently revised to 4-
12% (J. Chem. Phys. 118, 10996 [2003]). This significant difference between the surprisal
analysis in our work versus the estimates of Peeters may be attributed to several possibilities:
(a) The CH(A) fraction may be underestimated in the Peeters’ work. (b) The CO(v) vibrational
distribution for our measured CH(A) channel could be more inverted with respect to the
CO(v=0) channel than predicted by the surprisal extrapolation. (c) The CO(v) vibrational
distribution of the CH(X) channel can make a larger contribution to low v levels than predicted
by a linear surprisal. The C,H + O reaction is thought to proceed through the HCCO reactive
intermediate. The lifetime of this intermediate and the vibrational distribution of the CO(v) for
each branching pathway can shed light on the directness of the process. In this work, the CO(v)
products corresponding to both CH(X) and CH(A) channels are close to statistical, suggesting a
long-lived HCCO intermediate; however, the pathway that forms the CH(X) state has a
somewhat hotter vibrational distribution, suggesting a possible more direct mechanism for that
channel. In addition, the pathway to form CH(A) has a remarkable prominence, which was
suggested by the Peeters' group to be due to the bent ground state of HCCO coupling into a high
electronic angular momentum state. Theoretical investigations and studies of the CH(v) product
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distributions may help to answer the question of the HCCO intermediate state lifetime and the
* mechanism.

O + C;H; and HCCO Reactions

In recent work, a detailed study was performed on the reactions of the C,H, + O(*P) and HCCO
+ O(CP) using Fourier transform infrared spectroscopy (FTIR). The C,H, + O reaction results in
CO, CH,(°B) and HCCO products that subsequently react with O atoms producing additional
CO and CO, products. The analysis of the vibrational states of the vibrationally excited CO(v)
reveals the multiple reactions that contribute to the nascent vibrational distribution of the CO(v).
By varying the experimental conditions, the nascent vibrational distributions for the CO(v)
channels of the C,H, + O(CP) and the HCCO + O(’P) reactions are extracted. The CO(v)
pathways are the only one studied thus far. The nascent vibrational distribution from C,H, +
O(’P) agrees well with the earlier studies obtained by Shaub et al. (Chem. Phys. 45, 455 [1980]),
using a CO laser resonance technique. The nascent vibrational distribution of the HCCO + O(CP)
reaction is obtained the first time using two separate precursors. In this reaction, two CO(v)
product molecules plus an H atom are produced in each reaction. The nascent vibrational
distribution of CO from both the C,H, + O(*P) and HCCO + O(’P) reactions show noninverted
behavior, which is consistent with an intermediate complex mechanism. From the Boltzmann
plot the vibrational temperature of the nascent CO distributions are found to be 2400 + 100 K
and 10300 + 600 K for the C;H, + OCP) and the HCCO + O(®P) reactions, respectively. The
C,H, + O reaction may require migration of atoms in the intermediate to form the final CO(v)
products. The much hotter vibrational distribution of HCCO + O suggests that this process may
proceed through an interesting transition state, in which the CO bond of one or both CO
molecules is elongated or is formed in a more direct process.

Photoionization of C, Species

At the Advanced Light Source, a novel laser vaporization source has been developed to produce
carbon cluster species for photoionization spectral studies. Such investigations provide basic
thermodynamic and structural information for these fundamental species. The cluster source was
used to produce C;, C;, Cs, C4, and Cs by vaporization of a graphite rod, and the ionization
potentials for each of these species have now been measured (11.26+£0.05 eV, 11.4£0.1 eV,
11.5+0.1 eV, 10.520.1 eV, and 10.5£0.1 eV, respectively). Comparison with the available
literature for these species, the new results suggest that many of the ionization potentials were
either not well known or were only bracketed coarsely by experiments. The detailed
photoionization efficiency data for species such as C;, coupled with CAS-SCF calculations on
the resulting C;* ion states, performed by our collaborator M. Hochlaf, suggest that additional
intensity maxima in the photoionization efficiency versus energy data can be attributed to
identifiable electronically excited states of C;*. Work is in progress to revise this information and
to determine the implications for the basic thermodynamics and structure correlations of carbon
cluster species. -
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Future Plans

New studies will explore radical reactions such as C;H + SO,, C,H + NO, CH; + N, and kinetic
energy enhanced OH reactions with hydrocarbons. Experiments are also being considered to use
the time-resolved FTIR method to examine heterogeneous processes with aerosol or surface
reactions. Other investigations are being developed to explore the CH(A) state formed by
photodissociation of bromoform with vacuum ultraviolet light at the Advanced Light Source.
Upon absorption of a VUV photon in the 10-14 eV regime, a single photon causes the
bromoform to undergo a multibody dissociation: CHBr; — CH(A) + 3Br. This reaction can take
place as a concerted or as a sequential process, which will be studied with a visible adaptation to
the time-resolved FTIR.
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PROGRAM SCOPE

The primary objective of the DOE-sponsored research in this laboratory is to examine the
interaction potentials and reaction dynamics of the hydroxyl radical (OH) with molecular
partners of combustion relevance, most recently ethylene and acetylene. For these partners,
molecular associations of OH radicals have already been predicted to play a critical role in the
reaction mechanism. A hydrogen-bonded complex between OH and the n-bond of C;H, has
been suggested as an important precursor in the addition reaction of OH radicals to the double
bond of ethylene,' and an analogous T-shaped complex has been predicted on the reaction path
for OH addition to acetylene (Csz).2 This laboratory has recently obtained the first
experimental evidence of such a hydrogen-bonded complex between the OH and C;H, reactants
in the entrance channel to reaction. Infrared action spectra of the OH-C,H, reactant complex
have been acquired in the regions of the OH overtone stretch arid asymmetric stretch
fundamental of acetylene, which reveal the structure and stability of the complex. New spectral
analysis procedures are being developed to account for partial quenching of the electronic orbital
angular momentum of the OH radical in the T-shaped complex and gain more insight on the
nature of the molecular association between the partners. The results of these experiments
promise to provide new information on the reaction pathway from the entrance valley to the
transition state for these key combustion reactions.

INFRARED ACTION SPECTROSCOPY OF OH-C;H,

We have recently stabilized a hydrogen-bonded complex between the OH and C,H,
reactants in the entrance channel well leading to the addition reaction. The OH-C,H; complexes
are generated by photolyzing HNO; at 193 nm to produce OH radicals, which are entrained in a
premixed 5-10% C,H, / Ar gas mixture at a total pressure of 60 psi. We have used infrared
action spectroscopy to obtain infrared spectra of the OH-C,H; reactant complex in the regions of
the 2voy OH stretch overtone of the hydroxyl radical and the v; asymmetric stretch fundamental
of acetylene. In addition, we have simultaneously identified the principal OH (v, jou) product
channels that are populated following dissociation of the complex.

The infrared action spectrum of OH-acetylene in the OH overtone region® is centered at
6885.5 cm™, shifted 85.8 cm™' to lower energy of the OH monomer transition. The rotational
band structure is characteristic of a parallel (a-type) transition of a near prolate asymmetric top.
The transition type indicates that the OH subunit lies along the a-inertial axis, as expected for a
T-shaped complex in which OH is hydrogen-bonded to the n-cloud of acetylene. The large
spectral shift indicates that the OH subunit is significantly perturbed upon forming a hydrogen
bond with the H-side of OH interacting with acetylene. The lines in the P- and R-branches are
uniformly spaced by (B+C), but at odd multiples of (B+C)/2 relative to the O-branch, rather than
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the even multiples seen for other acetylene-HX complexes.*” The line positions are fit to obtain
a3.327(5) A separation between the centers-of-mass of the monomer constituents. The odd
multiples are a result of half-integral values of the total angular momentum in the complex,
arising from the spin of the unpaired electron of OH being coupled to the molecular frame.

By contrast, the infrared spectrum in the asymmetric stretch region of acetylene® is centered
at 3278.6 cm’', indicating a much smaller spectral red shift of 10.1 cm™ (relative to the
deperturbed monomer vs origin). The relatively small spectral shift confirms that the
asymmetric acetylenic stretch is remote from the hydrogen bond. This perpendicular (b-type)
transition exhibits much more complicated rotational band structure consisting of seven peaks of
various intensities and widths. This spectrum 1s very different from those previously reported for
similar HF/HCl-acetylene complexes.7’8 A theoretical model has been developed9 to examine the
origin of this unexpected result as well as more subtle effects seen in the a-type band, which we
attribute to the partial quenching of the OH orbital angular momentum in the complex.

The theoretical model takes into account the difference potential, the splitting between the
*A’and A" potentials in honlinear configurations, in computing the rotational energy levels and
electric dipole transition intensities for the OH-acetylene complex.” The model smoothly spans
the entire range of the difference potential, which is responsible for the partial quenching of the
OH monomer electronic angular momentum. The simulated vibration-rotational spectra are
found to be quite sensitive to the magnitude of the difference potential in a- and b-type
transitions. The model has been successfully applied to the analysis of the observed infrared
bands of the OH-acetylene complex, and has allowed the determination of the A rotational
constant (1.217 cm™") and difference potential (~148 cm™) from the b-type, CH stretching band.®

The principal OH (v, jou) product channels that are populated following dissociation of the
complex provide information on the stability of the OH-acetylene complex and the mechanism
for inelastic decay. For OH overtone stretch excitation of OH-C,H,,” the dominant OH product
channel is OH X *Tls, (v=1, jou=23/2). By constructing an energy cycle, we can estimate an
upper limit for the ground state binding energy of OH-C,H,, Dy < 955 cm™ (2.7 keal mol™),
assuming minimal translational energy for the recoiling partners and little excess energy
deposited as rotational and/or vibrational excitation of the C;H, fragment. Other significant
product channels, OH (v=1, joy=9/2 and 11/2), likely arise when the correlated C;H, fragment
acquires one quantum of C=C stretch (v;) excitation or three quanta of bend (3vs, 3vs, or
combinations of these modes) in the dissociation event. Thus, it appears that vibrational
predissociation of the OH-C,H,; complex proceeds by transfer of the energy released from OH
vibration (v=2-—1) to OH rotation or C,H; vibrations. For asymmetric acetylenic stretch
excitation of the OH-C,H, complex,® the OH fragments are observed primarily in low rotational
levels of OH (v=0). In this case, it appears that vibrational energy transfer within the C,H,
subunit is the dominant decay pathway.

Finally, we have carried out high level ab initio calculations of the OH-acetylene potentials
with fixed monomer bond lengths to complement the experimental investigation.” Calculations
at the RCCSD(T) level of theory with extrapolation to the complete basis set limit" predicta T-
shaped minimum energy structure for the OH-C,H, complex with well depths of 985 and 1130
cm™ at R = 3.3 A for the reactive “A’ and nonreactive *A” potential energy surfaces, respectively.
The theoretical results are in good accord with the experimental observations. The significant
splitting between the A" and A" surfaces, comparable to the spin-orbit splitting of OH, is also in
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good agreement with the value extracted from spectral simulations. This splitting is responsible
for the partial quenching of the OH monomer electronic angular momentum, a process that must
occur as the system evolves from weakly interacting partners to the addition product.

FUTURE PLANS

_ In the coming year, we will complete our investigation of the OH-acetylene reactant
complex. This primarily involves further development of the theoretical model for interpretation
of the spectra. We plan to generalize our results by developing a correlation diagram to illustrate
how the OH electronic angular momentum is quenched with progress along the reaction
pathway. In addition, we plan to continue our studies of OH reactant complexes with ethylene
and acetaldehyde partners. These studies will include infrared spectroscopy, time and/or
frequency domain measurements of the lifetime of the vibrationally activated complex, and
probes of the inelastic and/or reactive decay processes.
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Program Scope

This research program is directed at extending fundamental knowledge of atoms and molecules.
The approach combines the use of ab initio basis set methods and the quantum Monte Carlo
(QMC) method to describe the electronic structure and energetics of systems of primarily
combustion interest.

Recent Progress

Small Hydrocarbons (with A. C. Kollias, D. Domin, and M. Frenklach)

We are pursuing theoretical studies using QMC and various other ab initio as well as density
functional theory methods with the objective of predicting enthalpies of formation of chemical
species and transition states of reactions of interest for the growth of aromatic precursors to soot.
A comparative study is nearing completion of small aliphatic hydrocarbon radicals, C; to Cy, for
which alternative theoretical methods have provided heats of formation and atomization energies
of varying accuracy. For this effort, it is essential that the saturated parents of the radicals are
computed to serve as benchmarks for accuracy assessment.

INCITE Project (with M. Frenklac, G. Fleming. A. Aspuru-Guzik, and R. Salomon)

An INCITE (Innovative and Novel Computational Impact on Theory and Experiment) award,
received in January 2004, of one million SP hours will enable us to pursue the ground- to triplet-
state energy difference of the carotenoids present in light harvesting complexes of bacteria and
plants. Specifically, the systems that will be investigated are the light harvesting protein II of Rs.
Molischianum, and Photosystem I of cyanobacteria. This project is underway using a new QMC
computer code, Zori, that complements our code of many years, QuantuMagiC (QmagiC). Zori
has the capability of nearly linear scaling with system size.

Future Plans

Future work will continue in the direction of establishing fundamental understanding of
mechanisms leading to soot formation as well as other molecular species of combustion interest.
For the present and near future, major effort will be on the INCITE project.
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The aims of this research are to develop a theoretical understanding and predictive
abiility for a variety of processes occurring in the gas phase. These include bimolecular
chemical exchange reactions, photodissociation, predissociation resonances, unimolec-
ular reactions and recombination reactions. Our focus on accurate quantum dynamics
of small system is important for reactions involving light atom transfer, role of reso-
nances in dissociation and recombination reactions, and the theoretical spectroscopy
and large amplitude dynamics of energetic three and four atom molecules and radical
intermediates in reactions.

A major impediment to extension of these techniques to large molecular systems
is the poor scaling of quantum methods with number of atoms treated accurately
quantum mechanically and with the number of basis functions per atom. The scaling
for straightforward quantum solutions is between n®¢ and n* where d = 3N -6, N is
the number of atoms, and "n” the number of points or basis functions required to
describe the motions in each dimension accurately — perhaps 10 to 100.

We focus on developing substantially improved approaches and applying them to
larger systems of interest. The techniques developed and used are primarily quantum
mechanical (sometimes combined with classical mechanics) which permits us to focus
on the effects of the internal states of reactants on reactions, and the internal state
distributions, isotopic ratios, and branching ratios for products.

I. RECENT PROGRESS

During the past year we have refined computational methods to make the calcula-
tion of states of four atom systems more feasible and routine and have applied them
to molecular systems relevant to combustion such as CO, dimer and hydrogen perox-
ide, H,CO, water and ozone. The latter two were investigated near the dissociation
limit for bound states and some resonances.

Our theoretical approach to the quantum dynamics of such ”floppy” moleculas
has utilized three recent important innovations: the generation and use of reduced
dimensionality minimum PES’s to define the basis functions for each subset of the
coordinates [1-3]; the combination of these reduced dimensional basis functions to
form an energy selected non-direct product basis [2—4]; and the use of an iterative
(IRLM) solution method for determining eigenvalues, eigenfunctions of the molecule
[1,3,4]. Optimized grids for each of the degrees of freedom may also be used. These
improvements are synergistic, with the minimum potentials assuring appropriate co-
ordinate ranges for the bases, the energy selected basis reducing both the basis size
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and, perhaps more important. the spectral range, and the iterative (IRLM) solution
providing excellent scaling as well as eigenfunction evaluation.

Below we report an improved grid approach for problems w several angular degrees
of freedom as well as applications to important tetra-atomic and triatomic systems.
In all of the calculations reported below the accuracies of the vibrational energies for
the given PES’s were better than 0.1 cm™ (and usually better than 0.01 cm™).

A. Direqt product angular DVR’s:

Most internal coordinate systems used to describe the dynamics of larger molecules
contain many angular variables, up to 3N - 4 for hyperspherical type coordinates.
The quantum representations for these angular variables are usually coupled angular
momentum bases which may become very large, particularly if the angular motions
are restricted. In addition these bases are not direct product type for which fast
iterative and sequential solutions are most feasible. This representations of angular
functions for large systems is usually difficult or at least not efficient. We have further
developed the direct product angular DVR basis for such systems by showing how
to do extensive symmetry reduction for high symmetry systems and how to do the
solution by sequential reduction much more efficiently than with the coupled angular
basis [5].

The sample problem was the carbon dioxide dimer (CQz)2 on a realistic potential
energy surface. The PI group is Gig and for the normal isotopic species only the
A, states exist. The use of a direct product of two Legendre DVR'’s for the §; and
8, motions and a Fourier basis for the dihedral angle, ¢ in addition to the dimer
distance coordinate gave very accurate results for some 80 vibrational states with a
very modest basis. This is somewhat surprising since the direct product DVR does
not satisfy the correct boundary conditions required of the wave funcstions due to
the angular momentum singularities of the kinetic energy operators. The results were
checked against earlier much more difficult calculations using a coupled angular basis

[6].
This approach should apply directly to most 4 atom (3 angle) systems and should

be able to be extended to larger systems. The only major caveat is for systems where
the ground states are linear where convergence may be slower.

" B. Tetra-atomic systems with Energy Selected Bases:

Many tetra-atomic systems are important for combustion such as CHz, HOCO,
H,CO, HOOH, etc. We have looked at the high energy vibrational dynamics of some
of these systems. The use of energy selected bases [1] where the reduced dimension-
ality bases are eigenfunctions of reduced Hamiltonians based on minimum potentials
in the reduced dimensions was shown to greatly reduce the number of basis func-
tions required while permitting iterative solutions [1-3]. The application to highly
excited HOOH was relatively straightforward while the application to the formalde-
hyde/vinyl system (H2CO) was more difficult [3]. Some 730 A, states (up to 13,600
cm™!) were calculated. This reaches, but does not exceed the barrier to isomerization
to vinylidene. At that point the large increase in the density of states made our itera-
tive method very slowly convergent. It is likely that further filtering using an energy
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window would be necessary to extend the calculations throughout the isomerization
regime.

C. Triatomic molecules near dissociation: Water and Ozone

Although these are triatomic molecules and therefore inherently easier to treat
than formaldehyde or hydrogen preoxide, the very highly excited vibrational levels
of these systems are of interest for photodissociation and recombination particularly
in the atmosphere. In addition the highly excited vibrations and resonance states
of ozone for the (}¥0); and (**0, 80) isotopomers are probably responsible for the
observed ”isotopic anomaly” of atmospheric ozone in which the isotopic ratios are
not in the expected chemical equilibrium.

The vibrational levels of H,O were computed using the ESB method for the PJT2
potential energy surface of Mussa and Tennyson [7]. Some 1000 even and 800 odd
vibrational states were calculated, extending well above the dissociation limit. The
identity of the resonance states was determined by examining the stability with re-
spect to the distance parameters of the calculation [3].

In the ozone calculation we determined all the bound states, including the long
range van der Waals states, of 803 and 503 [8]. We used the accurate PES of
Babikov [9]. This calculation was undertaken to resolve a discrepancy between two
recently published papers on the same system using the same PES: Grebenshchikov
et al and Babikov, J. Chem. Phys 119, 6512 and 6564 (2003) respectively. In these
papers the number of bound van der Waals states reported differed significantly. Since
these vdW states are likely to be strongly involved in the anomalous isotope effect in
the ozone recombination process, resolution of the discrepancy was important. Qur
results agreed extremely well with a a subset of the results (corresponding to the
proper A, vibrational symmetry) of Greabenschikov (within about 0.04 cm—1) [3].

D. Continuing projects: Reactions of ozone and of H; + H

Both the recombination of Oy + O in the atmosphere and the low energy reactions
of Hf and H, proceed via complexes which have deep attractive wells. In both cases
quantum effects will be important, via resonances, tunneling, and nuclear symme-
try effects. The understanding of ozone recombination is important for atmospheric
chemistry whereas the understanding of the ortho-para exchange processes and rota-
tional relaxation in the low energy H{ collision system is important for interstellar
chemistry.

We are continuing calculations on the ozone system in two stages, first to de-
termine the resonance states which might participate in the three body association
process; then to calculate the thermal association rates from a master equation. The
latter will require the determination of the state specific energy transfer and dis-
sociation rates for collisions of O} with atmospheric gases. This will be a mixed
quantum-classical calculation similar to our Ar + HCO calculation done some time
ago [10].

The low energy HT + Hs ion-molecule reaction is one of the only relaxation mech-
anisms for ortho-para exchange in interstellar space. We will first look at the cross
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sections from a relatively simple statistical theory approach (Ref [11,12], then look at
the long range quantum dynamical effects such as tunneling and anisotropic collision
effects on barrier crossing [13]. This five nucleus system is difficult because of the
nuclear symmetry and large quantum effects but is fascinating for the same reasons.
This calculation also will be a precursor to the more combustion oriented system CHF
which shares the fermion symmetry of the five H nucleii.

Publications supported by this DOE Grant, 2003-2004: References
2,3,5,and 8 below.
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I. Program Scope

Soot formation and abatement processes are some of the most important and challenging problems in
hydrocarbon combustion. The key reactions involved in the formation of polycyclic aromatic
hydrocarbons (PAH’s), the precursors to soot, remain elusive. Small aromatic species such as CsHs, CgHj
and their derivatives are believed to play a pivotal role in incipient soot formation.

The goal of this project is to establish a kinetic database for elementary reactions relevant to soot
formation in its incipient stages. In the past year, our major focus has been placed on the experimental
studies on the reactions of C¢Hs with allene, propyne, propene and butadiene; their mechanisms have been
elucidated computationally by quantum-chemical calculations. A similar study on the reaction of
CeHsCoH, with O, has also been initiated. In addition, several reactions involving CH;, C;H;, and NCN
radicals have been calculated at the G2M level of theory.! These results are briefly summarized below.

I1. Recent Progress
A. Experimental studies

We have developed three complementary methods for determination of the kinetics and mechanisms
for CsH;s reactions with combustion species, including small alkenes and small aromatics. Combination
of these methods: cavity ring-down spectrometry (CRDS), pyrolysis/Fourier transform infrared
spectrometry (P/FTIRS) and pulsed laser photolysis/mass spectrometry (PLP/MS), allows us to cover a
broad temperature range, 300 - 1000 K

1. C¢Hs + C3H, Reactions (ref. # 2) 2 .

The kinetics for the C¢H; reaction with the 2 isomers L o G e )
of C;H.,, allene and propyne, have been measured by ol TS T ]
CRDS in the temperature range 297 — 500 K using =
CsHsNO as the CgHs source. Their rate constants can - B[
be given by the following expressions in units of cm’ m@ #r
mol™'s™": 5 al L0 1

. TTTtte % oo o
k(allene) = (2.52 = 0.47) x 10" exp [(-1324 + 57)/T] A Ttew ]
k(propyne) = (3.92 £0.84) x 10" exp [(-1704 £78)/T]

B 158 250 252 2‘.4 ?.lﬁ 2%8 3T0 3?2 3{4 36
These results are summarized in Fig. 1 for comparison 1000/T (K7
with those of C¢Hs + C;H, and CqHe. Fig. 1. Arrhenius plot of the rate constant of the
The rate of C¢Hs + CH;C,H is seen to be slightly CsHs + C3H, (allene, ), C;Hy (propyne, ), C;H,
greater than that of the C;H, reaction, whereas that of (solid line) and C,H, (dashed line) data

the allene reaction is faster than its isomeric reaction by

about a factor 2-3 across the temperature range studied. Most significantly, the rate of C¢Hs + CsH is
about a factor of 50 faster than that of the allene reaction. A computational study on product branching in
the two C3H, isomeric reactions is underway.

2. CsHs + C;Hg — Products (ref. # 3)

Propene is an important combustion intermediate and fuel. The rate constant for the C¢Hs with C3Hg
reaction has been measured by CRDS in the temperature range 296 - 496 K at 40 — 120 Torr Ar pressure.
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The total second order rate constant can be represented by the expression, &= 10"""***"% exp[-(1512 +
STH/T] cm’ mol s Wthh is slightly faster than the analogous CgH;s + C,H, reaction, Y h=10"8 ex p(-
2250/T) cm® mol™ s, determined with the same method in the same temperature range. For the title
reaction, the result of quantum/TST calculations indicate that the dominant process is the addition to the
terminal site of the double bond, although the H-abstraction becomes competitive at high temperatures.
The branching rate constants for the addition at the terminal C and the central C and for the C-H
abstraction from the CHj group for 250 — 2500 K under the second-order condition can be given in units
of cm® mol s by:?

kei = 1.7 x 10* T ** exp (- 370/T)
ko = 1.6 x 10> T *** exp (-847/T)
ks = 1.4 T3 exp (-723/T)

3. CsHs + C4Hg —> Products (ref. #5)

The rate of phenyl radical addition to butadiene has been measured by CRDS in the 298 — 400 K range
at 40 Torr pressure using Ar as carrier gas, k = (3.16 £ 0.29) x 10'? exp [-(870 % 30)/7] cm*/mol-sec, see
Fig. 1 for comparison with those of CsH;s + C3H, reactions, and the potential surface of thie C¢Hs - CoHj
system was explored using quantum chemistry with the B3LYP density functional. Vibrational analysis
allowed the determination of thermodynamic data and deduction of high-pressure-limit rate constants via
transition state theory. The pressure and temperature dependences of this chemically-activated reaction
were computed using a weak collision master equation analysis. The comparison of the prediction for the
C¢Hs + C4Hg system with experimental data showed good agreement. The dominant product at low
temperature is the initial adduct, 4-phenyl-buten-3-yl. Around 1000 K, the dominant product is phenyl
butadiene formed from the chemically-activated adduct, even at 10 atm. Above about 1400 K,
bimolecular H-abstraction to form benzene is the most important process. Other products such as 1 4
dihydronaphthalene are much less important.

4, C6H5C2H2 +0;, > C6H5C2H2 0O, > CHO + CsH;CHO (ref. # 6)

The kinetic data for the formation and decomposition of CsHsC,H,0; in the C¢HsC,H, + O, reaction at
298 K has been measured by directly monitoring the C¢HsC,H,0, radical in the visible region with CRDS.
The rate of C¢HsC,H; + O, was found to be (3.71 £ 0.21) x 10'2 cm® mol™ s at 298 K and a total pressure
of 40 Torr. The decomposition rate of C¢HsC,H,0, was obtained to be (1.36 £ 0.14) x 10* 5™ (see Fig. 2).
The mechanism for this very fast reaction was elucidated quantum-chemically by B3LYP/6-31G(d,p)
calculations. The result of the calculations indicated that the reaction effectively occur by two competitive

Scheme 1

AO
+ Oy — O —
< 0.032 b A @A 2
- 0.028] o oS ttisomer, 189.1 LMa, -156.1 LMb, -466.5
by 0.024 10, Torr i
£ 0.020
g 0.016}
3 —_— + HCO
g 0.0124

0.008

0.040
0.036F

0 50 100 150 200 250 300 toisomer, -183.8  LMa\-81.2 LMb', -363.6
Time / us

Figure 2. Typical time-resolved absorption plots of C¢HsC,H,0, formed in the CsH;C,H, + O, reaction

at 298 K with different concentration of O,: Top trace: [O;] = 0.0957 Torr; bottom trace: [O,] = 0.0297 -
Torr, solid curves are fitted values. Inset: the &' vs. [O.] plot at 298 K.
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Association paths giving 3- and 4-member-ring peroxide intermediates which fragment rapidly to
CsHsCHO + CHO with a predicted 382 kJ/mol exothermicity as shown in Scheme 1.

A more detailed study of the mechanism and associated kinetics will be carried out in the near future for
interpretation of measured temperature and pressure dependent data.

B. Computational Studies
1. H + C;H;OH (ref. # 7)

The kinetics and mechanism for the H + C,HsOH reaction, a key chain-propagation step in the high
temperature decomposition and combustion of ethanol, have been investigated with the G2M method
using the structures of the reactants, transition states and products optimized at the B3LYP/6-311+G(d, p)
level of theory. Four transition states have been i1dentified for the production of H, + CH;CHOH (TS1),
H, + CH,CH,0H (TS2), H, + C;HsO (TS3) and H,O + C;H;s (TS4) with the corresponding barriers, 7.18,
13.30, 14.95 and 27.10 kcal/mol. The predicted rate constants and branching ratios for the three H-
abstraction reactions have been calculated over the temperature range 300 - 3000 K using the
conventional and variational transition state theory with quantum-mechanical tunneling corrections. The
predicted total rate constant, k = 3.15x10° T*'% exp (-1508/T) cm’ mol™'s™', agrees satisfactorily with
existing experimental data; in particular, the value at 423 K was found to agree quantitatively with an
available experimental value.

2. CH; + C,HsOH (ref. # 8)

The mechanism for the CH; + C;H;OH reaction has been investigated by the G2ZM method based on
the geometric parameters of the stationary points optimized at the
B3LYP/6-311+G(d,p) level of theory. Five transition states have been identified for the production of
CH4+ CH;CHOH (TS1), CH4 + CH;CH,0 (TS2), CH4 + CH,CH,OH (TS3), CH;0H + CH3CH, (TS4)
and CH,;CH,OCH; + H (TS5) with the corresponding barriers 12.0, 13.2, 16.0, 44.7, and 49.9 kcal/mol,
respectively. The predicted rate constants and branching ratios for the three lower-energy H-abstraction
reactions were calculated using the conventional and variational transition state theory with quantum-
mechanical tunneling corrections for the temperature range 300-3000 K. The predicted total rate constant,
Jep = 8.36x107¢ T2 exp(5258/T) cm’ mol™ s (300-600 K) and 6.10x10% T*' exp(-4058/T) cm® mol™
s (600-3000 K), agrees closely with existing experimental data in the temperature range 403523 K.
Similarly, the predicted rate constants for CH; + CH;CD,0H and CD; + C,HsOD are also in
reasonable agreement with available low temperature kinetic data.

3.NCN+NO

The reaction of NCN and NO along the *A’ and 2A” paths via trans-NCN..NO and cis-NCN..NO
complexes have been calculated by the G2M theory. These complexes can further decompose to NNO
and CN as well as NCO and N; products. The predicted rate constant for thé former dominant product
channel in the unit of cm’molecule’'s™ can be expressed as:
k(300 Torr) = 3.77 T™*%" exp(-395/T) (200 — 600 K); 1.08 x 10™* T*% exp(4896/T) (600 — 1000 K). The
predicted rate constants are consistent with the experimental values.” The branching ratios at 300 Torr
show that the main products are cis-/trans-NCN..NO complexes at the temperature below 600 K and CN
+ N,0 above 600 K. The yield of NCO and N, can be neglected. The predicted rate constants for the
reverse reaction, CN + N,O — NCN + NO can be expressed as k= 2.23 x 107 T8 exp(-4155/T) in the
unit of cm’molecule's” over the temperature range 200 — 1500 K. It is basically consistent with
experimental data reported by
Wang et al.'

4.NCN + 0O,

The potential energy surface of the possible channels of the NCN + O, reaction have been investigated
at the G2M (CC1) level.
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NCN + 0, - NCNOO - NCO + NO )
— CNO +NO 2)
—NCNO +130 3)

The rate constants for the low-lying channels are calculated in the temperature range of 1000 - 3000 K;
the results show that oxidation NCN by O, to produce NCO + NO and CNO + NO is rather slow because
of the high entrance and exit barriers. The total rate can expressed as:

k=729 x 107 T %" exp (-12370/T) cm’ molecule™ s

II1. Future Plans :

Currently, we continue the acquisition of kinetic data for C¢Hs reactions by CRDS and
PLP/MS techniques to determine the total rate constants and product branching probabilities in
the C¢H; reactions with CH3;OH and C,HsOH. Computationally, we will carry out high-level ab
initio MO calculations to improve our predictive capability for the rate constant and product
branching ratios of C¢Hs and C¢HsC,H; reactions with O, and other combustion species. We
also plan to extend the calculations to include the reaction of C¢H;s radicals with alkanes to
correlate the kinetic data obtained in this laboratory for their abstraction probab1ht1es at p-, s-,
and ¢-CH sites.
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INVESTIGATION OF POLARIZATION SPECTROSCOPY AND DEGENERATE FOUR-WAVE
MIXING FOR QUANTITATIVE CONCENTRATION MEASUREMENTS

Principal Investigator: Robert P. Lucht
School of Mechanical Engineering, Purdue University, West Lafayette, IN 47907-2088
(Lucht@purdue.edu)

1. PROGRAM SCOPE

Nonlinear optical techniques such as laser-induced polarization spectroscopy (LIPS) and degenerate
four-wave mixing (DFWM) are techniques that show great promise for sensitive measurements of transient
gas-phase species, and diagnostic applications of these techniques are being pursued actively at laboratories
throughout the world. Over the two years we have also begun to explore the use of three-laser electronic-
resonance-enhanced (ERE) coherent anti-Stokes Raman scattering (CARS) as a minor species detection
method with enhanced selectivity. _ '

The objective “of this research program is to develop and test strategies for quantitative
concentration measurements using these nonlinear optical techniques in flames and plasmas. We are
investigating the physics of these processes by direct numerical integration (DNI) of the time-dependent
density matrix equations for the resonant interaction. Significantly fewer restrictive assumptions are
required using this DNI approach compared with the assumptions required to obtain analytical solutions.
Inclusion of the Zeeman state structure of degenerate levels has enabled us to investigate the physics of
LIPS and of polarization effects in DEFWM. We have incorporated the effects of hyperfine structure in our
numerical calculations of LIPS signal generation. During the last year we have successfully demonstrated
injection-seeded optical parametric generation (OPG) systems. The laser radiation produced by these OPG
systems is single-frequency-mode and tunable, and the system is an ideal laser source for nonlinear optical
diagnostic techniques such as LIPS and ERE CARS. Experimental measurements are performed in well-
characterized flames, gas cells, or nonreacting flows for comparison with our theoretical calculations.

II. RECENT PROGRESS

A.  Laser-Induced Polarization Spectroscopy Measurements of the Hydrogen Atom

Simultaneous two-color, two-photon laser-induced polarization spectroscopy (LIPS) and laser-
mduced fluorescence (LIF) of atomic hydrogen was performed using a distributed feedback dye laser
system with 60-psec pump and 80-psec probe pulses. These measurements were performed at the
picosecond laser facility at Sandia’s Combustion Research Facility in collaboration with Tom Settersten and
Brian Patterson (Sandia) and Sukesh Roy and Jim Gord (Wright-Patterson Air Force Base). The
measurements were performed in an atmospheric-pressure hydrogen/air flame. The two-color LIPS
technique 1s tllustrated in Fig. 1. The circularly polarized 243-nm pump beam was tuned to the 1S-2S two-
photon resonance and the 486-nm probe beam was in resonance with the n = 2 to » =4 single-photon
transitions resonances. We have developed a nonperturbative numerical model of this two-photon, two-
color H-atom LIPS process. As depicted in Fig. 1, the hyperfine structure of H-atom is incorporated in the
DNI calculations. We used this numerical model to study the effects of saturation and Stark shifting on the
two-photon process for picosecond laser excitation.

The rates of collisional transfer among the Zeeman states in the 2S and 2P levels and collisional
quenching from the 2S and 2P levels were determined by measuring the decay curves for the LIPS and
LIF signals as the 486-nm probe beam is delayed relative to the 243-nm pump beam. These curves are
shown in Fig. 2. The solid lines in Fig. 2 are the results of a theoretical calculation using the DNI code.
The measured temporal shapes of the pump and probe pulses were used as input parameters in the
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numerical modeling, and the rates of collisional quenching from and collisional transfer within the 2S and 2P
levels were varied to obtain best. agreement between the measured and calculated decay curves. The
broadening of the spectral lines and the shift in transition frequencies with pump laser power was also
investigated. The rates of collisional quenching () and collisional transfer within () the 2S and 2P
levels were determined to be 1.2x10' s™" and 9x10° ™', respectively.

B. ERE CARS: Measurements of C;H,

Electronic-resonance-enhanced (ERE) coherent anti-Stokes Raman scattering (CARS)
measurements of acetylene (C,H,) were performed using a three-color CARS technique first demonstrated
in measurements of NO [1]. The frequency difference between the 532-nm pump beam and the 594-nm
Stokes beam was tuned to the 1974 cm™ Raman resonance. The ultraviolet 239-nm probe beam was then
scattered from the Raman polarization induced by the pump/Stokes interaction to produce an ERE CARS
signal at 229 nm. Measurements were performed on a mixture of 5000 ppm of C,H; in a buffer gas of N,.
The dependence of the ERE CARS signal on pressure and on the probe wavelength was investigated in
detail. Significantly, the ERE CARS signal was found to increase as the square the pressure for the 5000
ppm gas mixture. This rapid increase in signal with pressure is quite different from the behavior of the
laser-induced fluorescence signal with pressure, for example, and is a major advantage of the ERE CARS
technique for measurements of minor species in high-pressure environments. We have also made
substantial progress in the last year on the development of a nonperturbative numerical model for the ERE
CARS process. This code will be used to model NO ERE CARS data acquired over a range of pressures

“using our newly developed injection-seeded OPG system described in the next sectior.

C.  Development of Tunable, Injection-Seeded Optical Parametric Laser Sources

We have developed a pulsed OPG system that is injection-seeded with a distributed feedback
(DFB) diode laser. The OPG is injection-seeded at the idler wavelength of 1535 nm without the use of a
resonant cavity, eliminating problems associated with the stabilization of the cavity and simplifying greatly
the wavelength tuning of the system. The wavelength of the OPG system can be tuned by varying the
current and/or the temperature of the DFB laser. Two beta barium borate (B-BBO) crystals are used in the
OPG and are pumped by the third harmonic 355-nm output of an injection-seeded Nd:YAG laser. The
OPG output is then amplified using an additional two-crystal optical parametric amplifier (OPA) stage. The
OPG/OPA system is shown in Fig. 3. A pulse energy of 18 mJ at the signal wavelength of 461 nm has been
demonstrated with the system shown in Fig. 3. The frequency spectrum and stability of the OPG/OPA
system was monitored using a solid etalon with a 10 GHz free spectral range and a resolution of
approximately 500 MHz, confirming the single-mode operation and frequency stability of the system. A
high-resolution line shape of low-pressure acetylene obtained by tuning the OPG idler beam across a near-
infrared acetylene resonance is shown in Fig. 4. As is evident from Fig. 4, the frequency bandwidth of the
OPG laser radiation is less than or equal to 200 MHz (0.007 cm™), close to the Fourier transform limit for
the 5-6 nsec laser pulses from the system.

III. FUTURE WORK

Our investigation of the physics of two-photon, two-color LIPS will continue. We will continue to
explore the physics of this process using our direct numerical integration (DNI) code. We plan to use the
two-photon, two-color LIPS technique for measurements of the O-atom and of the C-atom, and to compare
the detection limits of the LIPS technique with two-photon LIF techniques. Our newly developed OPG
laser source will be used for these measurements. The single-mode output, narrow line width, and smooth
- temporal pulse shape from the OPG system will allow rigorous comparison of theory and experiment. The
OPG system will also be used to explore further the potential of infrared LIPS for species measurements

180



[2]. Further collaborative picosecond LIPS experiments with Tom Settersten at Sandia are planned for the
summer of 2004.

We plan to pursue further theoretical and experimental investigations of the ERE CARS process for
NO and C,H,, especially at higher cell pressures where collisional narrowing may result in significant
decreases in the detection limits. The DNI code for ERE CARS has been developed and will be used to
explore the physics of the ERE CARS process. As is the case for our LIPS measurements, the OPG
system will be used for the ERE CARS measurements and will allow rigorous comparison of theory and
experiment.

We will further develop and characterize the injection-seeded OPG/OPA systems. The
performance of both the OPG stage and OPA stages will be further optimized, and the wavelength coverage
of the system will be investigated. Simultaneous operation of two OPG/OPA systems will be demonstrated
and the system will be applied for two-color LIPS and/or three-laser CARS. This OPG/OPA source
technology will enhance greatly the potential for quantitative application of pulsed cavity ring-down
spectroscopy and nonlinear techniques such as LIPS, DFWM, dual-pump CARS, and ERE CARS
spectroscopy.
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